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ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS

Identification and understanding of the surface phenomena involved in lubrica-
tion and wear are necessary if failures are to be avoided or at least mitigated.
Failure of lubrication and high wear rates can be very costly to both civilian
and military machinery.

While many new methods of surface analysis have been developed in recent years,
their requirements of ultrahigh vacuum and of electron bombardment make these methods
destructive. Furthermore they mostly furnish only elemental analysis and then
their spatial resolution is not high. For some of our work we have been fortunate
in having access to a scanning Auger electron spectrophotometer (AES); its best
spatial resolution of about 50 um is rather high. However, most of our analyses
were carried out with spatial resolutions better than 20 um and they made use of
: (i) a phase-locked interference microscope (PLIM), (ii) an electronic Faraday-

.i modulated ellipsometer (EFME), (iii) speckle-contrast (SC), and (iv) friction and
i

lubricant thickness measurements with a ball-on-plate sliding contact. A1l this
apparatus was of our ultimate design and it was assembled and completed in the
search for significant surface changes in a bearing operated on its way to failure

} except--for SC, which was studied for applicability to metal-gas reactions. The
% design and construction of the PLIM and EFME are major accomplishments to this
h project.

- A realistic system was selected for these wear studies; an operating bearing

2 contact consisting of a loaded M-50 bearing steel ball-on-plate mock-bearing and

& lubricants simulating MIL 23699 and its additives, i.e. a most common heavily loaded
& bearing system. The mock-bearing had dimensions such that the width of the wear
track was amenable to our surface analyses.

Significant changes were found (i) in the changes of the surface profile within
the wear track over the course of bearing operation for different lubricants, (ii)
in the rate of oxidation of the steel bearing surface within and without the wear
track, (iii) in the rate of the change of optical profile within and without the
wear track after a brief exposure to dilute hydrochloric acid, and (iv) in the
friction for different lubricants. Common surface additives in lubricants, such
as tricresylphosphate (antiwear) and benzotriazole (anticorrosion), produced larger
profile changes then other common lube additives. Invariably these changes could
be associated with the more rapid formation of surface oxides within than without
the wear track.

The hydrochloric acid probe reaction changing the surface profile could become
a convenient and useful test for bearing surface reliability.

The PLIM and EFME instruments developed for this work will prove to be useful
in many different applications, not only in the analysis of metal and metal oxide
surfaces. The applicability of SC to reaction studies will, however, remain limited
to gross changes. For these it can be used from large distances.

As part of this project, but in a separate investigation, jet fuel deposits
formed on surfaces of a Jet Fuel Oxidation Tester (JFTOT) were analyzed by infrared
emission Fourier microspectrophotometry, a technique we developed under a previous
AFOSR grant.
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1. INTRODUCTION

While many new methods of surface analysis have been developed in recent years,
their requirements of ultrahigh vacuum and of electron bombardment make these methods
destructive. Furthermore they mostly furnish only elemental analysis and then
their spatial resolution is not high. For some of our work we have been fortunate
in having access to a scanning Auger electron spectrophotometer (AES); its best
spatial resolution of about 50 um is rather high. However, most of our analyses
were carried out with spatial resolutions better than 20 ym and they made use of
(i) a phase-locked interference microscope (PLIM), (ii) an electronic Faraday-
modulated ellipsometer (EFME), (iii) speckle-contrast (SC), and (fv) friction and
lubricant thickness measurements with a ball-on-plate sliding contact. A1l this
apparatus was of our own ultimate design and assembled and brought to bear in the
- search for significant surface changes of a loaded ball-plate sliding contact oper-
‘ ated on its way to failure except for SC, which was studied for applicability to
' metal-gas reactions.
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A realistic system was selected for these laboratory studies; an operating
contact consisting of a loaded M-50 bearing steel ball-on-plate of the same material
mock-bearing and lubricants simulating MIL 23699 and its additives, i.e. a most
common heavily loaded bearing system. The mock-bearing had dimensions such that
the width of the wear track was amenable to our surface analyses.

Significant changes were found (i) in the changes of the surface profile within
the wear track over the course of bearing operation for different lubricants, (ii)
- in the rate of oxidation of the steel bearing surface within and without the wear
i track, (iii) in the rate of change of optical profile within and without the wear
track after a brief exposure to dilute hydrochloric acid, and (iv) in the friction
for different lubricants. Common surface additives in lubricants, such as tricresyl-
phosphate (antiwear) and benzotriazole (anticorrosion), produced larger profile
changes than other common lube additives. Invariably these changes could be associ-
= ated with the more rapid formation of surface oxides within than without the wear
' track.

The hydrochloric acid probe reaction changing the surface profile could become
a convenient and useful test for bearing surface reliability.

The PLIM and EFME instruments developed for this work will prove to be useful
in many different applications, not only in the analysis of metal and metal oxide
surfaces. The applicability of SC to reactions studies will, however, remain 1imited
to gross changes. For these it can be used from large distances.
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As part of this project, but in a separate investigation, jet fuel deposits

- formed on surfaces of a Jet Fuel Oxidation Tester (JFTOT) were analyzed by infrared

E emission Fourier microspectrophotometry, a technique we developed under a previous
AFOSR grant. '

A1l of the following comments are taken from papers published or in process
of publication with the exception of the speckle work which is communicated here
for the first time.
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2. MATERIALS

The Tubricants were trimethylol propane triheptanoate base stock either alone
or with one or all of the following (i) benzotriazole (0.0203% corrosion inhibitor,
BTZ), (ii) dioctyldiphenylamine and (iii) phenyl-alpha-naphthylamine (both 1.036%
and antioxidants, DODPA and PANA), and (iv) tricresylphosphate (2.55% TCP antiwear
additive). The fully formulated oil is equivalent to MIL-L-23699 (G-MIL-99).

The probe solution was 0.04 M hydrochloric acid in ethanol.

The ball and the plate were hardened (62-63RC) martensitic M-50 steel (0.8%
C, 4.1% Cr, 1.0% V, 4.25% Mo).

The speckle contrast (SC) experiments were also carried out with M-50 steel
plates. The bromine reagent used for the etching was Analytical Reagent grade.

The jet fuel deposits were supplied on their original support, i.e. the tubes
from the Jet Fuel Thermal Oxidation Tester (JFTOT), by Mr. Robert Morris, Fuels
Branch, Fuels and Laboratory Division, Aero Propulsion Laboratory, Department of
the Air Force, Air Force Wright Aeronautical Laboratories, Wright Patterson Air
Force Base, OH 45433.
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3. APPARATUS AND EXPERIMENTAL CONDITIONS

3.1 Ball/Plate Sliding Contact

In this rig an M-50 bearing ball of 20.6 mm diameter could be rotated by a
horizontal shaft supported by two bearings and driven by an electric motor. The
ball was loaded from the top by an M-50 plate supported by linear bearings on a
horizontal loading platform in such a way that the friction force developed in
the contact could be determined from the strain generated in a leaf spring connecting
the plate with the loading platform. The load could be varied by hanging weights
on the loading platform. The lubricants were injected into the contact from a
reservoir at ambient temperature by a peristaltic pump.

The maximum Hertzian pressure was 0.1 GPa in all the experiments reported
here. The ball speed was 220 revolutions per minute, corresponding to 0.2 m/s
linear speed. The duration of every run was 30 minutes at which time the traction
force had reached a near-steady value.

No attempt was made to control the contact temperature or to measure it.
However, an estimate of the maximum surface temperature rise based on Winer's calcu-
; lations [1] indicated that the temperature could have exceeded 2209C, the critical
! temperature for TCP/surface reaction according to Faut and Wheeler [2].

3.2 AC Phase-Locked Interference Microscope (PLIM)

I This instrument, schematically shown in Fig. 1, is basically a Michelson inter-
ferometer with a laser source and microscope objectives facing two mirrors at almost

equal distances from the beamsplitter. One of these mirrors is the reference mirror
which is vibrated piezoelectrically at 20 KHz. The other "mirror" is the sample
surface, which can be translated horizontally to bring surface features of different

, heights into the field of view. Reflected radiations from these mirrors are recom-

I bined at the beamsplitter and passed through another microscope objective to bring
enlarged interference fringes onto a photodetector. If the two beamsplitter-to-

mirror distances are equal, the photodetector is "locked” into the peak of a fringe

and the 20 kHz amplitude vanishes. If they are not equal, an error signal is gener-

ated, resulting in a d.c. potential on the piezoelectric crystal to shift its plane

in such a way as to make the distances equal. A plot of d.c. potential against

the horizontal sample position results in the "optical" profile of a surface.

It is the optical profile rather than the true physical profile because in reality

phases and not distances are compared and phases depend on the optical constants

of the surface layer and its thickness as well as on the optical properties of

the substrate. For this reason the profiles obtained with different laser wave-

lengths are different when different surface layers, e.g. oxides on steel, are

b present. From these differencies the nature and thickness of the oxides can be
deduced provided some of the optical constants are independently known, e.g. ellipso-
metrically.

3.3 Faraday-Modulated Electronic Recording Scanning Ellipsometer (ESE)

A schematic diagram of the Faraday-modulated ellipsometer is shown in Fig.
2. This is the ellipsometer originally designed by Monin and Boutry [3], which
was modified first by Sullo and Moore at the University of Rochester [4] and now




..............................................................................

by us. Radiation from the laser source S is polarized by the polarizer P, whose
azimuth of vibration with respect to the plane of incidence is 8. On reflection

from the sample surface M the plane-polarized radiation has become elliptically
polarized. The angle of the semi~major axis of the ellipse and the plane of inci-
dence is y. CF is a Faraday modulator consisting of a solenoidal coil with a Faraday
glass cylinder at its axis. The magnetic field generated by the coil causes the
azimuth of polarized radiation of the light traveling along the axis of the cylinder
to be changed proportionally to the magnitude of the magnetic field and to the

length of the cylinder, the proportionality constant being called the Verdet constant.
This phenomenon is known as the Faraday effect. The coil is driven by a 500 Hz
oscillator, causing the magnetic field to vary with that frequency. By the Faraday
effect the inclination angle of the polarization ellipse with respect to the plane

of incidence is also varied with the same frequency. The radiation from the Faraday
modulator is passed through the polarization analyzer A of azimuth g and is finally
detected by the photocell or photomultiplier PM.

Our instrument uses a 10 cm long, 0.6 cm diameter Faraday glass cylinder (three
times as long as Sullo's) in order to obtain a large amplitude of modulation.
The current in the coil is modulated with a 500 Hz frequency. If the analyzer
angle g is equal to the true azimuth y, the radiation detected at the 500 Hz fre-
quency by a phase-sensitive electronic detector is zero and the electronic system
is "locked". At the same time, the amplitude of the first harmonic (1000 Hz) is
monitored to make sure it is non-zero. If, however, the amplitude detected at
500 Hz is nonzero, an error signal is used to turn the analyzer by an angle appro-
priate to make it zero. This is done by an electro-optic transducer and control
circuitry capable of resolving 0.01 degrees of arc.

Scanning of a sample surface is done by moving the sample M parallel to its
plane while the polarizer is rotated at an essentially constant speed with a DC
motor and the analyzer is being continuously reset at corresponding azimuths.

Plots of polarizer versus analyzer angle look like the curve of Fig. 3. One method
of obtaining the ellipsometric parameters y and A from this curve is graphically

as shown in the figure. However, our computerized curve fitting program is much
more accurate, because all the data points on the curve are used, not just a few
selected ones. Furthermore, many such curves can be traced and averaged in a short
time. Once 4 and y are known, the index of refraction n and the film thickness

can be calculated, but since n is complex, consisting of two variables, more than
two measurements are needed, e.g. at more angles of incidence (not just at 459),
different wavelengths, etc. The computations can become quite extensive, but are
easily performed on a small laboratory computer.

By placing a microscope objective forming a real image of the sample surface
ahead of the detector, sample areas as small as 20 um in diameter can be resolved
ellipsometrically. Most of the energy reflected of the surface is lost, but suffi-
cient energy remains to make the measurements.

Since the design and operation of our ellipsometer is unique and not jet pub-
lished, a detailed description of the present apparatus is presented in Appendix
I.

3.4 Apparatus for Speckle Measurements

Fig. 4 shows the setup schematically. A helium-neon laser of low power (2
milliwatts) was used as the source. Its wavelength (6328 A) allows measurements
of only low roughness. The thought was to replace it later by an infrared source

D TIE U L S S S St
OO A SRR RN
aAelala’aa’ e . "




when an appropriate detector will be available. The mirror arrangement allows
variation of the angle of incidence. The entire setup was mounted rigidly on a
steel plate sitting on a home-made optical table.

The samples were M-50 steel heat-treated for use in bearings, polished with
600 grade silicon carbide paper.

!
t
4
F
E A Yashica FRI camera body (no lens) was used with fine-grain Kodak Panatonic-X,
b IS0 32, FX 135 film. The size of the illuminated area could be varied with the
E exit lens of the spatial filter. For this work the average spot diameter was 2

mm. Observation was in the far field (L = 5m, so that (D?/4x) = 1.58m).

3.5 Apparatus for Jet Fuel Deposit Analysis

The Fourier emission infrared microspectrophotometer used in this work was
developed under a previous AFOSR grant and is well described in the appended publica- S
tions [5,6]. :.;-.‘_
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4. RESULTS

4.1 Tractions and Surface Roughness. Effect of the Acid Probe

Figure 5 shows. traction curves for the different lubricants after the ball
and plates were soaked in them for three hours at ambient temperature. The operating
conditions were such that scoring or scuffing would occur very soon for the fully
formulated o0il, thereby allowing us to maximize the differences with respect to
scoring or scuffing for the additives. Differences between the bearing surfaces
for the antioxidants and TCP with and without soaking were found. The surface
roughnesses (standard CLA roughness) were determined from the optical profiles
and plotted in Fig. 6. The antioxidants DODPA and PANA show the least change over
the measured time period within the error limits. DODPA and PANA are also the
only lubricants giving a significant reduction of roughness in the initial phase
of operation when the acid probe was applied (Fig. 7). Since these measurements
were made in separate experiments, the consistency of the traction, roughness,
and acid probe data must be significant. Another interesting observation is the
sharp increase in relative roughness change after acid treatment for both BLZ and
TCP (Fig. 6) in the final stage of the ball plate run, while the roughness change
remained about constant during most of the run.

A closer examination of Fig. 6 reveals some interesting correlations. Since
the vertical scale is arbitrary and the curves were displaced by arbitrary amounts
to avoid confusion, only trends are significant. The fully formulated oil (G-MIL-99)
and the two amine additives PANA and DODPA gave rise to roughness peaks at about
20 seconds. The fully formulated o0il, the base 0il and BTZ, the anticorrosion
additive, had roughness peaks at about 80 seconds. Only TCP shows a descending
slope beyond 100 seconds. These differences might be related to the formation
of different surface oxides.

The two surface additives TCP and BTZ had the highest traction while the antioxi-
dants had the lowest. All the surfaces were soaked for three hours in the respective
lubricants, cleaned and dried, and then immediately used in the traction test with
clean base oil (Fig. 5).

4.2 Ellipsometry of Wear Tracks

In Fig. 7, the changes of slope, cos A/tan y, were plotted across the wear
track for the samples of Fig. 5. It will be noted that TCP, which had the highest
traction in Fig. 5, also shows the greatest variation over the traverse. The sharp
positive and negative peaks correspond to a spot on the wear track (between 100
and 500 um on the abscissa), which is clearly visible under the microscope. The
half-widths of these peaks is about 20 um. The slope changes for the other materials
inside the wear track were much smaller. OQutside the wear track the slope variations
were minimal; the bottom curve for DODPA shows the characteristic behavior there.
Clearly, the nature of the surface is different inside the wear track. The change
is not caused by a change of reflecting angle, for the reflected laser beam is
very restricted by apertures. When the angles and corresponding azimuths were
changed in order to compute the film thickness and the optical constants, the former
came out to be about 60 A at the maximum and the latter correspond roughly to Fe03
by comparison with the data of Leberknight and Lustman [7]. The identification
is tentative and not unique for lack of reference data, which will be obtained
later.




The preferential production of a thin oxide layer on wear tracks would seem
to be general, but is strongest for those produced in the presence of TCP.

It should be pointed out that the collection of data such as those of Fig.
7 presents problems different from those encountered when ellipsometry is used
with dielectric substrates [8]. Most ellipsometric work today refers to dielectrics
and semiconductors. The most important difference is reflectivity - high for metals
and low for dielectrics and semiconductors. Furthermore, metals have a complex
index of refraction (two optical constants), dielectrics only a real index of refrac-
tion.

4.3 Auger Electron Spectrograms

The plates were analyzed after the ball experiments with every lubricant.
Three areas were selected, two within the wear track and one outside of it for
reference. After the ball experiment, the specimens were washed with lots of alcohol
and allowed to dry and not handled or treated prior to their introduction into
the Auger spectrometer. As a control, a polished M-50 plate not used in a ball/plate
experiment was included in the set of Auger analyses.

A1l the lubricants and the reference gave about the same spectra in the as
received condition. However, after six minutes of ion bombardment, all the spectra
from outside the wear scar as well as from the reference plate were essentially
free of 0 and C while those from inside the wear scar, notably those from TCP and
perhaps also from BTZ had a higher 0 and C content.

In order to show the effect of ion bombardment orn eiemental composition, the
plots of Fig. 8 were drawn for two position within the wear scar. They present
the ratios of the 0 and C peaks to one of the Fe peaks as a function of time.

A sharp change of slope after two-to-four minutes probably signifies the removal
of a surface layer.

From these observations, the following deductions would seem to be reasonable:

1. The high C-ratios and O-ratios in the outermost surface layer are probably
atmospheric contamination. They are present even in the reference.

2. TCP and GMIL (also containing TCP) have an oxide layer under the atmospheric
contamination layer. BTZ is likely to have one as well. The reference, however,
does not have such a layer within our error of measurement, but the other mater-
jals might have a weak oxide layer.

3. A carbide layer might also underly the atmospheric contamination layer.

4.4 Determination of the Rate of Etching of M-50 Steel by Bromine Vapor by the
Use of Speckle Contrast

4.4.1 Background

This reaction was chosen as an example rather than liquid state reactions
which proceed at the metal-lubricant boundary because gas~solid reactions are more
easily controlled. While we realized all the time that interference microscopy
was a more sensitive and reliable tool than laser speckle, the greater simplicity,
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larger viewing area and larger distance of observation are clearly favoring laser
speckle. The primary purpose of the experiment was to establish feasibility.

While this reaction was not the first to be monitored optically, it was probably
the first to be monitored by speckle contrast. Burland, Bjorkland, and Alvarez
[9] and later Burland and Brauchle [10] used holography to determine photochemical
reaction rates on surfaces. The most frequently used kinetic technique, measurement
of the disappearance of the reactants or the appearance of products by following
changes in their optical absorption, is of low ser itivity because of the difficul-
ties involved in detecting small absorption changes. The change of speckle contrast
is of very high sensitivity even though it is not a zero-background technique as
holography is in the detection of photochemical reactions. (In the holographic
application the photochemical change itself stores the hologram).

Speckle interferometry was tried at first, but it proved to be difficult to
obtain reproducible data. Here, it will be recalled, the speckle pattern before
the chemical change is compared with the pattern after the change in such a way
that visible fringes are observed. The probable reason for our failure was the
non-uniform reaction rate of the surface area viewed, although mechanical movement
could not be excluded. Speckle contrast averages over a fairly large area, is
non~-destructive, can be measured in real time (although we used slow photographic
recording) and from a considerable distance and can be made very sensitive to changes
of surface roughness when the surface is very smooth. Under these conditions the
optical reflectivity would be close to unity and insensitive to small changes.

The speckle method therefore complements reflectivity. It also happens that the
chemical reactivity of a highly polished bearing surface is much more informative
than that ot a well-worn one.

4.4.2 Theory

The article by Welford [11] is an excellent review of the relation between
laser speckle and surface roughness. It deals with speckle produced in transmission
while our work dealt exclusively with reflected speckle. However, the basic ideas
are very much the same.

For example, when a surface is illuminated by coherent light from a laser
beam, a large number of points on the surface will scatter the radiation and sets
of interference fringes will be formed by pairs of scattering points, because the
scattered radiation originated from the same laser beam and is coherent. Therefore
the speckle pattern is a coherent sum (or a sum of complex amplitudes) of sets
of two-beam interference fringes of different spacings, directions, amplitudes,
etc.

This qualitative explanation suggests how the random pattern occurs but it
does not explain why the contrast is so great. Many complicated theoretical expres-
sions have been derived for this purpose, but Goodman's [12] is probably the easiest
to grasp, for he likens the chaotic jumble of "speckles" to a random-walk phenomenon.
He points out that the complex amplitude of the radiation field at (x,y,z) in the
plane in which the speckles are observed may be regarded as resulting from the
sum of contributions from many scattering areas on the rough surface. Assuming
now that the amplitude and phases of the elementary scattering areas are statist-
ically independent of each other and are equally likely to lie anywhere in the
primary interval (-v, n), i.e. the surface is rough compared with a wavelength,
and that the number of the elementary contributions is large, the probability density
function of [, the irradiance in the speckle observation plane is of the form

......................
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where T is the mean or expected irradiance. The probability that the irradiance
exceeds a certain threshold It is then

1
--oll:

p(I>I¢) =e » Ig>0

A fundamentally important characteristic of the negative exponential distribution
is that its standard deviation precisely equals its mean. Thus, the contrast of
a polarized speckle pattern, as defined by

(]
C =

is always unity. Once the surface has a roughness sufficient to produce phase
excursions compariable to 2r rad, negative exponential statistics result, and further
increases of roughness produce no perceptible changes of irradiance statistics.
Therefore, all surfaces that are rough on the scale of a wavelength produce the

same form of irradiance statistics, regardless of just how much rougher than this
limit they may be.

Accordingly it would seem that surface roughnesses estimates on the basis
of speckle contrast are limited to surface roughness of the order of a wavelength
or less. For this reason our original proposal called for infrared speckle, for
the infrared extends over a large wavelength range, say 1-25 um, even without the
use of a vacuum. Furthermore, it would seem possible to decrease the observed
surface roughness by variation of the observation angle.

Having realized that speckle contrast can be a measure of surface roughness
only for effective roughnesses of the order of a laser wavelength or less, a model
for the speckle/roughness relation at smaller roughness should be developed. The
thin phase screen model of Welford [11] serves this purpose. The following assump-
tions are made:

(a) The metal surface is assumed to be a perfect reflector without phase change
at all angles of incidence.

(b) The surface slopes are assumed to be small enough to permit ignoring problems
of shadowing.

(c) The general shape is smooth compared to the wavelength of the light, i.e.
no sharp peaks or angles.

(d) There are no polarization effects.

The thin phase screen model is a plane surface of 100% reflectivity with appro-
priately varying phase change on reflection at different points. In effect, the
thin phase screen model is analogous to a reflection grating “"randomly ruled."

If z(x,y) is the rms surface roughness (peak height distribution measured from
the center line average, CLA), then the phase change on reflection associated
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with it is ¢ (x,y) = %1 z(x,y)+2 cos¢ where ¢ is the angle of incidence and
reflection (measured from the surface normal). This equation shows that oblique

reflecttion (0 < ¢ < ;ﬂ reduces the phase and permits larger roughness to be measured
(as shown below).

To obtain a heuristic relation between speckle contrast and phase, Asakura
[5]) proceeded as follows:

The speckle intensity distribution in the observation plane is
1(F) = |J'|<(?.?--)|2 . |IK(F.F') 0(F) dF |2

where ¥ (equivalent to x,y) refers to the object plane (surface) and *' to the |
speckle observation plane by the usual intensity ~ (amplitude)? relation. K(r,r')
is the point spread function which indicates a spreading amplitude distribution
at the observation plane due to a point at the object plane. The point amplitude
distributions within an extended area of K(r,r') contribute to forming the speckle
intensity at an arbitrary point r' of the observation plane. The thin phase screen
model equates .

-+
0F) = e ie(r)

> > > '“’(;') >

so that I(r') = IIK(r,r')e dr|'

Thus the intensity at a point ¥' in the observation plane is given by superposition
of phase variations over light waves within an extended area of K(r,r'). As the
phase variations over that area increase, the intensity variation at the observation
plane increases, thus yielding an increase of the contrast in the speckle pattern.
To quantitatively specify the speckle intensity variations, the average contrast

V, defined by a normalized standard deviation of speckle intensity variations at

the observation plane, is introduced

V= <QQ%;§§ = [<I2(F')> - <I(F')>2]/<I(F')>

where the brackets indicate ensemble average.
By determining V for samples of known roughness (rms roughness by a stylus

profilometer), the roughness of an unknown surface can be found, provided it is
in the accessible range (smooth to a wavelength of the laser reflected from it).

4.4.3 Apparatus for the Etching Experiment

One reason bromine etching was used in the preliminary experiments was the
relative ease with which it could be applied. The apparatus of Figure 9 served
very well. The water bath temperature was kept constant at 100°C and the amount
of bromine contacting the sample was controlled by the time the valve was kept
open. After every exposure the sample steel specimen was returned to the same
position for the speckle experiment. Some tests were made for the reproducibility
of the speckle pattern after loading in the etching apparatus and repositioning
the speckle apparatus and no changes could be detected.

In Figure 10 three speckle patterns as obtained on photographic film are shown.
They correspond to total etching times of zero, 15, and /5 seconds. The increase
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in contrast with exposure time is very apparent. Careful comparison of these photo-
graphs will also show that exactly the same region was illuminated and "speckled"
and that the central region (somewhat below center in these prints) has spread

out and become lighter.

4.4.4 Speckle Intensities

The speckle intensities were obtained with a microphotometer scanning the
developed photographic film. Some of the densitometer tracings are shown in Figures DRy
11 and 12. The differences are very pronounced. For calibration the speckle patterns e
of steel specimens of known roughness were obtained and evaluated as shown in Figure
13. A curved CLA had to be used in the evaluation of the traces. Some of the
original profilometer traces (TALYSURF) are shown in Figure 14.*

It should be pointed out that in addition to having the available roughness

range limited by the physics of speckle we had the further limitation of the latitude -
of the photographic film. To overcome this problem the exposure times had to be ’.;;
changed and the data were evaluated with the help of the H&D curve supplied for S
this film. In most cases repeat exposures had to be run and photometered. o

4.4.5 Results of the Speckle Experiments ;:*;‘

The data of Table I and Figures 15 and 16 show the results. The contrast A
increases very rapidly at first, comes to a plateau and then reaches the Jevel NN
of maximum contrast (Figure 8). There is, however, a further gradual decrease T
of contrast noticeable over a much longer time period. The normalized central L
peak intensity in the speckle observation plane, which, according to Welford [11] E—

is given by %T’T*

-q2 o

R=e9, S

where g2 is the variance of the phase of the wavefront from the scatterer, i.e. BN

T

g% = <62 - <p>? ~—
is plotted in Figure 16. It shows a rapid decrease at first, followed by a break j;
and a much slower decrease. The break occurs at about the same exposure time as L
the maximum contrast (50 seconds). A;

At the end of the etching experiment the steel specimen was seen to be irregu- -—

larly coated with a thin, reddish~brown layer. The layer could be rubbed off very
easily with tissue paper. The specimen was then found to be just as smooth with
respect to speckle contrast as it was before the etching. Unfortunately no weights
were determined so that the mass per unit area of the layer remains unknown.

4.5 Analysis of Jet Fuel Deposits

Since a detailed report was written on this work [17], only a few words are Wi
necessary here. Fourier infrared emission microspectrophotometry was used. The o
deposit spectra reflect the jet fuel composition, especially when nitrogen and ~

sulfur compounds are present. ==
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The “peacock" rings which have been frequently observed on JFTOT deposits
were found to correspond to infrared emission maxima and infrared spectra exhibiting
inverted bands and must therefore consist of real matter and not merely of optical
interference. The deposition of material in these rings probably has its origin
in reduced fluid flow which is caused by instabilities in the laminar boundary
layer. Similar rings were observed previously, but without thermal gradients which
"fix" deposits on the tube walls by the thermal cracking of the fuel. The particles
in these rings are likely to be uniform and can appear to be brightly colored just
as the gold particles in thin gold films. It is therefore suggested that deposit
formation on JFTOT and also aircraft fuel tubes can be reduced by deliberately
producing turbulent flow, for example by the interposition of screens.
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5. DISCUSSION AND CONCLUSIONS

5.1 Mear of Bearing Surfaces

In our previous publications [13],[14] the difference in the effect of dilute
hydrochloric acid (our acid probe) on causing contour changes within and outside
a wear track was described, this difference being especially great when scuffing
conditions were approached. It was also found that the presence of the antiwear
additive TCP in the lubricant would enhance this difference. Then the gquestion
was raised why scuffing could occur so suddenly, apparently without warning, even
though operating conditions could have been far from those postulated by the Blok
temperature criterion. An objective was to try to explain the behavior of the
acid probe in the hope that an answer there would also help toward arriving at
an answer to the latter question.

Differences in the optical profile at different wavelengths, ellipsometry,
and Auger electron spectroscopy have now been shown to discriminate between the
surface within the wear track on M-50 steel and outside of it. The evidence points
to a higher concentration of an oxide, most 1ikely iron oxide, within the wear
track than outside. Interestingly enough, it would seem that TCP promotes the
formation of such an oxide. Such an oxide would react much faster chemically with
acid than the alloy steel itself. Thus, the oxide would explain the behavior of
the hydrochloric acid probe. The oxide is more likely to be formed in the wear
track than outside of it because of the higher surface temperature in the wear
track. It would also reduce friction at higher temperatures, though not at low
ones and explain both our data of Fig. 5 and the results of Faut and Wheeler [2].
Although such an iron oxide layer on the surface could conceivably promote the
formation of friction polymer--whose formation was reported to be enhanced by TCP
also--it is more likely that the same oxidizing conditions that lead to the formation
of the oxide also lead to the formation of friction polymer. Since friction polymer
is, in turn, related to acid sludge and the acid is likely to react quickly with
the basic iron oxide, provided the temperature is high enough, a case could be
made for a mechanism of scuffing, viz. removal of the oxide layer by reaction with
acids in the lubricant exposing the nascent metal and allowing metal-to-metal welds.
Work now in progress in our laboratory will test this idea.

A new metallurgical phase for M-50 steel was also found and reported in our
publication [14]. Its etching characteristics seemed to identify it as a carbide.
The higher carbon contents found in the wear track below the surface, expecially
for TCP, are consistent with this identification.

The sharp initial decrease in the ball experiment of acid probe reactivity
of the two amine antioxidants can be explained by the initial formation of an amine
surface film and subsequent exposure of the original alloy steel surface, i.e.,
the lack of a surface oxide. Since the metal reacts more slowly than the oxide--
which was prevented from forming--the probe reaction slows down. Once the amine
antioxidant is exhausted, the reaction speeds up again, however, thus explain-
ing the increased activity later. The amine surface film could also be instrumental
in reducing traction.

The behavior of BTZ, the anticorrosion additive, has been found to be similar
to TCP in some ways. Its low 0il solubility requires its small concentration.
By the same token, it is more l1ikely to come out of solution and coat the bearing
surfaces with an anodic [15] layer. However, as Parkins [15] admits, the behavior
of these materials is still not well understood, even by electrochemists, though
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they have been used for a long time.

Recently we found that the formation of surface oxide on M-50 steel following
scoring is influenced by surface roughness especially in the presence of TCP. For
this reason the hardness and surface texture of the steel used in our experiments
required exact control. Our results confirm observations by Yamamoto et al. [16],
who used a paraffin oil with no additives and show a much greater effect when additives
are present.

Thus, it would seem that leads have been generated to help in the design of
lubricating materials to reduce traction and scuffing failure. Their chemical
interaction with the bearing surfaces, i.e., the formation of oxide and perhaps
other layers is an important key.

5.2 Discussion of the Speckle Experiment

Since this series of experiments was carried out primarily to demonstrate
the feasibility of speckle contrast for chemical reaction rate measurements, some
ancillary data necessary for interpretation of the results were not obtained.
For example weight and thickness data and chemical analyses of the deposit layer
would have been very helpful. However, even so the data show that surface reaction
occurs over small patches (speckle contrast rapidly increases), which then grow
slowly (contrast slightly decreases). Central speckle intensity data are consistent
with the contrast data; the intensity drops rapidly at first and then continuously
at a slow rate. It would seem that the reaction takes place at active centers
on the surface; once they are saturated no new centers are formed and the reaction
stops except for some slight diffusion-controlled increase. Since the surface
cover is discontinuous and the areas of contract between the reaction product and
the original metal surface are small and scattered, it is not surprising that the
product rubs off easily and that no change of the surface roughness was then observed.

I think this result is interesting from the point of view of friction and
lubrication as well. OQur microscope profile data (and so have profilometer data
by others) have shown little correlation of surface roughness with approach to
scuffing failure, yet chemical reactivities of the surface have been found to change
(see next section). The active reaction centers are not asperities--at least not
of significant size--but different chemical structures of the metal surface itself,
such as metal atoms bound or not bound to carbon atoms, in cubic or hexagonal struc-
tures or on different crystal planes, etc. This idea is not new; different reactiv-
ites on different crystal faces have been measured, but I am not aware of such
measurements in a polycrystalline and multiphase environment such as that of M-50.

Perhaps the so called "lack of recovery" problem is also related. When two
bodies in contact under pressure are made to slide over each other by a tangential
force (frictional force), the minute displacements occurring prior to overall motion
are not fully reversible when the tangential force is removed. The prevailing
theories (Mindlin, Cattaneo, Beilby) assume plastic deformation near the contact
or a microcrystalline layer. A material of different chemical structure, similar
to the bromides or oxides of our experiment, formed only at dispersed centers,
could well account for it as well and provide a mechanism for such "non-recovery"
in the presence of a lubricant.
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5.3 Discussion of Jet Fuel Deposit Analysis

' Evidence points to changes in deposition mechanism (more and different oxidation)
with deposition time. A detailed discussion is presented in Reference [17].
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6. STATUS

Thus the achievements of the project can be summarized as follows:

(1) An scanning electronic interference microscope and a scanning electronic
ellipsometer have been built allowing surface profiling to +20 R in depth and about
1 pm in width. These tools make possible the determination of dielectric or semi- UL
conducting surface layers, i.e. not merely elemental composition, given suitable RIS,
standards, as well as layer depth and patch location.

(i1) Surfaces of an alloy steel were shown to oxidize when scored and more
so in the presence of lubricating oil additives that strongly adsorb to the surfaces.
Such oxides may have higher chemical reactivity especially toward acids than the
alloy steel and promote the failure of bearings.

(i11) The formation of fuel deposits on simulated jet aircraft surfaces occurs

in stages (at least two), the later ones being more influenced by oxygen-containing
free radicals than the earlier ones.

R
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N TABLE 1
- RESULTS OF THE BROMINE ETCHING EXPERIMENTS
Sample: M-50 Steel

k"
_: Etching Period Cumulative CLA Roughness Normalized Central
- Etching Time (Area Above CLA Peak Intensity
= divided by distance
" scanned)
’E 0 0 14.6 1 6
N 5s 5.s 31.5 11.0 x 10
. 10 s 15.s 29.3 8.4
j 20 s 35.s 30.6 9.8
- 40 s 75.s 49.3 2.5
3 Tm 2.25 m 45.8 2.9

Tm 3.25 m 49.4 2.9

2m 6.25 m 48.8 1.6

3m 9.25 m -- 1.0

5m 14.25 m -- 0.35

7m 21.25 m 44.6 0.14
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(d) CLA = 60 nm

Densitometer traces of speckle patterns of M-50 steel
specimens of roughness calibrated by a profilometer
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APPENDIX I

General Description of Scanning Ellipsometer

We believe that our modifications have produced an instrument much superior
to those of our predecessors and for this reason and because of a delay in its
publication, the following description is rather detailed.

The 1ight from a He/Ne laser (A = 6328 R) is linearly polarized by a polar-
fzer--the polarizer angle can be changed by a motor-driven rotation stage attached
to an encoder allowing position readout to + 0.01 degree--and passes through a
modulator. The modulator consists of a coil passing 500 Hz of alternating current.
At the axis of the coil is a Faraday glass cylinder which rotates the plane of
polarization of axially transmitted 1ight by an angle &, which is proportional
to the cylinder length and the magnetic field, the proportionality constant being
known as the Verdet constant. Then the light is reflected by the sample under
investigation and is passed by a second polarizer, the analyzer, and by several
lenses, which increase the optical resolution and is finally brought onto the detector
surface (a diode detector or photomultiplier with built-in preamplifier.

The location of the modulator is somewhat arbitrary; it can be between the
polarizer and the sample as shown in Fig. 2 or between the sample and the analyzer.
The following description assumes the latter location for ease of understanding.

The linearly polarized light incident on the sample will, in general, become
elliptically polarized on reflection. When the analyzer angle is set parallel
to the major (minor) axis of the polarization ellipse there will be maximum (minimum)
intensity on the detector. For other angles there will be an intermediate intensity.
The figure below shows the intensity of the detector signal as a function of the
detector signal as a function of analyzer
angle schematically for a given polarizer
angle. Ay, A3 = Ay +n, Ag = Al + 2n
A are angles parallel to the major axis
of the ellipse and Ap, Ag = Ag + 7,
etc. are angles parallel to the minor
;[ axis of the ellipse. An alternating
0 current through the modulator will rotate
the ellipse back and forth with the
modulation frequency by an angle given
by Omax = V:&'Hpax»> where V is the Verdet
constant and & the length of the Faraday
glass cylinder. Rotation of the ellipse
by an angle 8 has the same effect as
{ rotating the analyzer by an angle -¢.
- 3 The effect of rotating the analyzer
A AL A AA A 4 can readily be seen from the figure.
If we have A = A3 for 6=0, a modulation
with a frequency w produces an intensity
varying with a frequency 2u. This is true for all minima and maxima. If, however,
we have A = A' for ¢ = 0, the detector signal intensity will vary with the same
frequency as the modulating current. Thus the major and minor axis of the ellipse
can be found by determining the analyzer angle A for which the 500 Hz component
of the detector signal is zero.
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The detector signal is amplified by a preamplifier, an ac-coupled amplifier
and then by an amplifier with automatic gain control; 500 Hz frequency is filtered
out from the signal emerging from the last-named amplifier and the remaining signal
with the “sample and hold" and the "sample and hold control" produces an error
signal of sign such as to bring the analyzer back to the position for which the
intensity is a minimum or a maximum. It will be noted that the 500 Hz frequency
components are phase-shifted by n to the left and the right of the extremum.

The position of the polarizer and the analyzer are decoded and interfaced
to a computer. The complete revolution of the polarizer gives us the analyzer

angle A (for which the 500 Hz component is zero) as a function of the polarizer
angle for 0 < P < 360°.

The function A(P) also depends the ellipsometer parameters y and A.

Method of Calculation of Parameters

It was said above the the modulator could be located either downstream or
upstream of the sample. The mathematical expressions are

fan ZA= Qeon A fon @ fam P
Fanty — 4zt P

for the former case and

where P is the polarizer angle (angle of the plane of polarization of the polarizer
with respect to the plane of incidence) and A is the analyzer angle. Not surpris-
ingly A and P change roles depending on the modulator location. These is an advantage
of one location over the other in terms of sensitivity.

By continuously rotating the polarizer we also get corresponding analyzer

m m
angles, P, and Ai' The decoders and counters give us very accurate changes of

these ang}es. The main inaccuracy (tenths of degree) enters by assigning a definite
absolute value to the first analyzer and polarizer angle. Because this error is
constant, we assume that the true values for the polarizer and analyzer angle are
given by

m
Pi = P1 + AP

m
i

= + AA.
A1 A

There true values should fulfill the theoretically derived relation between A and
P, so that

2/AT+ AA) = Aoy dun (BT AP)
tanm 2 ( J=2cn A o P
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or

- oy fouphom (P4 AP)
(AT BA) = ;o (2 cwrdh =t )

The unknown AA, AP, tan y, cos & are now determined by a least square fit. That
means

o 3 oA D) — o (20 T (R 37|
=2 [2(A7+24) ~ o QWAﬁmz;a—ﬁmLP

should be a minimum with respect to aP, aA, tan y, cos A. With a = 2cosa and
8 = tany

- -1 /%'ém//?’h"‘AP) i
E=2, [’Z (AT +AA)~ - (2 '/3‘—744.*(&-&4/’)

should be a minimum with respect to a, 8, AP, AA. With the definitions for

Foowh E=357(F)

7" B e (e 4P o A= 8 (R 427)

we get four non-linear equations

IE _ ST a2 =4S R0

D (AA) (1)

%5,2,2[;[- =) & =0 (2)




If equation (2) is satisfied, the first part of equation (3) is automatically
zero. We can also get rid of constant multipliers and finally get

SR =0
Z,C".__i_."_=0

/fjf
57 Faii __o
(/.,Loi.b)d.'
DA
(rg Vel cn(P™+4P)

T
[/.+ ’%ZT] =0

This system of non-linear equations is solved by Newton's method for non-linear
systems. We can write it as

F(x)=0

AA
where x : /) where F, are the four functions on the left side of the system
AP

of equations. F (x) = 0 will be true for the correct values of AA, «, B8, AP.

[f we start with some value x in the neighborhood of the correct solution
the iteration

- - k1) -7
x &) J (T (27)

converges to the true solution.
x(k) fs x after the k 'th iteration

J (l(k'])) = Jacobian matrix

ok DF OF 2R
/%% J

=/ 2k .
24 =~ -

evaluated at x = g}k'])




is the left side of the system of equations for x = x ']. in general

The Jacobian matrix is found by differentiating E once more

“ oF _ € IF, _ €
- NPTV = etc.
- 208 9¥AA Do JAAI
55 If an analytic expression for the Jacobian matrix can be found, J and F can
!l be calculated. To find =
Q-].E =y we have to solve the linear system

After we know y we can calculate

g L) )

and repeat the above until F (lk) is close enough to 0.
This calculation provides us with
AA, a = 2cosa, 8 = tany, AP.

We therefore know A (or A, 360-a) and ¢

i
Note: tan ¢ > 0 [tan ']b'; -g— > 0]
0 < tany <=
0 <y <90°
also 4 = Al] - 4, is not restricted (except 0 < A < 2r). Because our experiment

involves only cos 4, we cannot determine A unambiguously. One measurement will
supply two a's.

To determine A unambiguously would have

A to involve a measurement of sin A. We
////-“ would have to determine whether the
A, (%9 light is partly left or right-rotated
T 7 in its polarization. Calculation shows
/ / that the fourth component of the Stokes
A) 4 - — - vector after the modulator contains
(?" l sin a.
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The figure below shows how the analyzer angle A depends on P, A, and y. It will
be noted that for increasing polarizer angle the analyzer angle decreases.

0 The analyzer angle A is 45° for
40 P =y.
=120 Increasing ¢ leads to a larger A for
350 a=/4 the same P.
‘=¢ID 2= f
g " Increasing A leads to smaller A for

P <y and to larger A for P > y.

This follows from

A=t Fan 2w A"“P"‘“‘”>

30 d=/20
= 3$ A=/40

=1 A=/®

P f0°

Note that P is periodic with period of 180°
A is periodiwith period of 90°

A(P=0) = 0 * n-90° where n = 0,%1,%2,....
A(P=90°)
A(180-P)

0 + n90°

1}

tan(180-P)tany )
tan<y-tan<(180-P)

] -1 tanP tan - .
-3 tan = (2cosa mﬁ) = <A(P) %n-90

since tan (180-p) = -tan P

%-tan'](ZCOSA

Therefore it is sufficient to know the behavior of A(P) for 0 < P < 90°.
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Microscopic Contour Changes of Tribological Surfaces by
Chemical and Mechanical Action

JAMES L. LAUER and SIMON S. FUNG

Rensselaer Polytechnic Institute
Troy, New.York 12181

.

An electronic optical laser interferometer capable of resolving sidered an essential part of scuffing, these measures usually T
depth differences of as low as 30 A and planar displacements of entail the formation of interposed layers. For example, the . .
6000 A was constructed for the examination of surface profiles of use of extreme pressure (EP) lubricant additives is thought .
bearing surfaces without physical contact. This instrument was used to result in thF formation of renewable c?atings of mFtaI ’ .
to determine topological chemical reactivity by applying a drop of sulfides, chlond.es, or phosphates preventing the wck.img. :: S
dilute alcoholic hydrochloric acid and measuring the profile of the A durable coating of the surfaces with thin, hard, inert s o

lid surface before and after application of this probe. It nd layers could also avert scuffing for the same reason and. RO
sonds . pplication of this probe. 1‘ua.s.fou could work even without a lubricant—an added advantage T
that scuffed b.mm'g surfaces reacted ""“{'f aster tlum vegin ones under severe conditions, when the lubricant is subject to ———
but that bearing surfaces exposed to lubricants containing an or- thermal breakdown. [ 4 I

ganic chloride reacted much more slowly. In a separate series of
experiments, a number of stainless steel plates were heated in a
nitrogen atmosphere to different temperatures and their reactivity
examined later at ambient temperature. The change of surface
contour as a result of the probe reaction was found to follow an
Arrhenius-type relation with respect to heat treatment temperature.
This result could have implications on the scuffing mechanism.

Although the mechanism of scuffing is not yet fully
understood, a temperature criterion is commonly postu-
lated. The best known is the “total temperature” of Block
(1), which consists of the bulk temperature of the metal
parts and the instantaneous surface temperature rise of the
surface area of contact. Others correlated scuffing failure
primarily with chemical activity which, of course, is itself

strongly influenced by temperature (Goldman (2)). Implic- -
INTRODUCTION itly, the assumption has been made that chemica.l reaction o
. . would take place primarily above the characteristic (“total™) DS
When nonconforming solid surfaces separated by a lu- temperature between metal and lubricant components. Could -
bricant are in relative motion under increasing loads, the it be that portions of metal surfaces exposed to temperatures | S
b“."‘ temperature gradually increases and the lubricant film above the characteristic temperature are inherently more
thickness decreases. At some point, the surfaces will begin reactive at any temperature?
to interact @echanically. Ac first, the peaks of the highest The availability of an optical interferometer capable of L
asperities will be reduced and the surfaces will become resolving depth differences as low as 30 A and planar dis- o
smoother. This interaction is an essential part of normal placements of 6000 A provided us with a tool for attempting ) :
“run-in.” ’

At higher loads, scoring occurs, manifested by
grooves and ridges in the surface oriented in the sliding
direction. At still higher loads. a sudden failure may occur,
which is called "scuffing.” The scoring and scuffing events
are often coincident and many authors have been using
these terms interchangeably.

an answer to this question. Since vacuum is not required,
we could carry out probe microreactions on neat and scuffed
areas and compare the resulting changes of surface profile.
We could examine both titanium-nitride-coated and un-
coated bearing balls before and after use in this way and
compare the results with subsequent scanning electron pho-

Because scuffing is likely to be catastrophic and without tomicrographs. Dilute alcoholic hydrochloric acid served as .
warning, measures were designed to postpone it or avoid our probe. Metal surfaces heated to known temperatures . >
it. Since welding of the contacting surfaces has been con- were examined for reference. The results point to changes e

caused by the heat treatment, which produced chemical ‘.'_._.‘\-:

Presented ss an American Society of Lubrication Engineers
paper at the ASME/ASLE Lubrication Conference in
Washington, D.C., October 5~7, 1982
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reactivity changes even at ambient temperature and likely
mechanisms for the absence of scuffing with titanium ni-
tride-coated balls.
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APPARATUS

AC Interference Microscope

The first instrument of this kind was originally designed
and built for the examination of optical surfaces and ele-
ments by Johnson, Leiner, and Moore (3) at the Institute
of Optics of the University of Rochester. Professor Moore
helped us build our instrument which differs from his only
in minor details relating to our different applications.

Basically, the instrument is 2 Twyman-Green interferom-
eter with alternating current electronics, which is capable
of a phase resolution of one two-hundredth of the wave-
length of the red He/Ne laser line (6328 A). Surface profiles
can thus be obiained to about = 30 A without physical
contact. Figure 1 is a schematic drawing of the instrument’s
optics. Radiation from an He/Ne laser is split by a beam-

™ —

- splitter; part of the radiation continues to a flat mirror os-
2 cillated by a piezoceramic transducer and part is deflected
s * to the sample surface by way of a microscope objective. The
' split beams are reflected back to the beamsplitter, recom-
E bined, expanded by a microscope objective, and ultimately
transferred to a photoelectric detector. Two scanning mir-

rors can be turned in such a way as to make possible scans
parallel to the x and y directions in the sample plane. Phase

L differences between the two beam paths generate fringes
& in the detector plane. As the sample surface is scanned, the
% phase difference between the interferometer beams is

changed and the fringes are moved over the detector sur-

face proportionally, as determined by the optics.
) The sensitivity of the instrument derives from an inge-
. nious electronic arrangement. The reference mirror is os-
cillated piezoelectrically at 20 kHz. Correspondingly, the
fringe pattern at the detector surface is oscillated with the
. same frequencybut theintensity of a fringe peak—or valley—
is oscillated at twice the reference mirror frequency, or at
40 kHz. Intuitively, this arises from the fact that the peak
or valley intensity or the corresponding photoelectric poten-
tial can change in one direction only—downward for the
d peak and upward for the valley—while the radiation inten-
sity anywhere else can become stronger or weaker. [t is thus

OERCTOR & PREN® ]
2 ADF 1 axmous
nae /W .
\ 0\ S*
| S— ]
’ot ~K:sw«m p—tEHE SR
OB ECTIVE
__BEAM DONOIG LENS
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Schematic drawing of interferometer
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possible to “lock-in” on a peak at the 40 kHz frequency.
The mean potentia! (halfway between peak and valley) or
d.c. potential will follow the locked-in fringe and become a
measure of the phase change as the sample surface is scanned.

At the present stage of the instrument, scanning is done
nonlinearly, by varying the angle of the recombined beam
with respect to the optic axis of the microscope objective
facing the sample. For small excursions of the scanning
mirror, the departure of a scan from linearity is small.
The surface profile of Fig. 2, obtained with an inexpensive
reflection-type diffraction grating, is an example. The dis-
tance between the first and second peaks is about 10 percent
greater than that between the second and third peaks. Cor-
rection to linearity is, of course, possible. The intensity of
the peaks of Fig. 2 is seen to fall off toward the right. The
reason is the lack of planarity of the objective lens when
used off-axis. Beyond a distance of 2.5 pm from an arbitrary
chosen position, the scanning optics are evidently out of the
field of view. The intensity of the peak at 3.0 pm is much
less than that of the other peaks. As the grating was blazed,
the slope to the left of every peak is expected to be shorter
and steeper than that of the slope to the right. The angles
are also about correct. The reason for the gentleness of the
peaks and valleys, where sharp corners are expected, is the
horizontal resolution limit of the objective lens in conjunc-
tion with the interferometer optics. We are confident that
a good part of these limitations will be removed by digital
image analysis. )

Distance calibration of the instrument is simple. In the
horizontal plane, the distances of successive peaks of a re-
fAection grating provide the required information (Fig. 2).
Depth calibration is done very accurately by the phase jump
in the detector plane. The separation between two succes-
sive interference fringes corresponds to a phase difference
of 27 between the sample and reference beams. In air,
because of the phase reversal on reflection by the sample
surface, this separation of fringes corresponds to a change
in depth of sample surface profile of half a wavelength of
the laser light (6328 A) or 3164 A in our case. In terms
of the electric recorder output potential, this geometrical
change corresponds to 10 volts. Any voltage changes are
directly proportional to the phase changes and, therefore,
to the changes of depth and the conversion can be carried
out in terms of the 316.4 A/volt reiation.

3000
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Fig. 2—Profile of a 12 lineymm ditfraction grating
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Ball/Plate Sliding Contact Heating was accomplished rapidly (at 220 K/s) with the

The experimental setups used to obuain scuffing or scor-
ing were the same we described in an earlier publication
(4). They were ball/plate sliding EHD contacts in which a
bearing ball of 2.25-inch diameter was turned by a hori-
zontal shaft either on top of a diamond window (the plate),
in the bottom of a cup containing the test fluid, or under-
neath a sapphire window (the plate). In either case, the ball
was loaded from the top. The former setup was used pri-
marily as part of our infrared analysis of the fluid under
EHD conditions; the contact was always flooded. The lauer
setup would be used for EHD film thickness and traction
measurements and would obtain the lubricant by a wetting
and dragging mechanism. Here, too, conditions were such
that starvation was excluded.

These contacts were operated for periods of about 100
hours under varying loads and speeds. Scuffing.occurred
only with uncoated steel balls.

MATERIALS

The bearing balls were of 2.25-inch diameter and made
of 440 C swainless steel. Some of them were coated with
titanium nitride by chemical vapor deposition (CVD method)
to a uniform thickness of about 4 um, as described by Hin-
terman and Boving (5). The smoothness of all the ball sur-
faces was about 0.0] um inidally (mean peak height), as
determined with our optical profilometer. Since the lubri-
cant film thickness in the EHD contact under the heaviest
load and at the smallest continuously maintained shear rate
was at least 0.5 um as determined earlier (4), direct asper-
ities interaction could only occur when the sliding speed
was gradually reduced to zero.

The balls were run with polyphenyl ether fluid (5P4E)
cither pure or containing | percent by volume of 1,1,2-
trichloroethane. Both of these fluids were also referred to
in the same earlier publication (4).

Before use in the experiments discussed below, the balls
were cleaned with acetone and mounted in a holder specially
constructed for the interference microscope.

The stainless steel reference plates were of smoothness
similar to that of the balls. They were made of polished
No. 304 stainless steel and were 1° x 1" X %¢” in size.

The probe solution was 0.04 M hydrochloric acid in ab-
solute ethyl alcohol.

EXPERIMENTAL PROCEDURES
Heating of the Test Plates

The test plates were sandwiched in a holder between half-
inch thick asbestos plates containing a three-quarter-inch-
diameter hole in the center. Two pieces of a material melt-
ing or changing color at known temperatures were clamped
onto top side of the sample, allowing temperature moni-
toring during heating. The two temperature indicators were
selected in such a way that the maximum heating temper-
ature was bracketed between them; in other words, heating
would be stopped when either of them melted or changed

" ‘C.Plgr‘_- M N
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hot gases just above the tip of an acetylene flame directed
at the lower side of the plates. At the same time and for a
considerable time thereafter, nitrogen gas was blown over
the top side of the plate to reduce or prevent oxidation
(cooling rate: 100 K/s). Oxidation could never be entirely
preveated because vacuum was not used o remove ab-
sorbed gas. On the other hand, one of the purposes of this
work was the simulation of realistic ield conditions, in which
oxide films are never absent.

Preparation of the Ball Samples

The balls were taken from the rigs after many hours of
operation on polyphenyl ether with and without 1 percent g
of 1,1,2-trichloroethane. The steel balls without titanium -
nitride would have failed by scuffing.

The balls were cleaned with acetone, soaked in absolute S :
alcohol overnight, rinsed, and placed in a vacuum desiccator PR
to remove the absorbed alcohol. The principal purpose of E
applying the vacuum was to avoid the destruction of the
filament in the scanning electron microscope.

Examinations of Ball Surfaces Run in Polyphenyt Ether
with the Interferometric Microscope

Since the score or scuff marks on the balls were typically
100 um in diameter, we found it useful to work with two
different microscope objectives, 10X and 40X, the former
enabling us to overlap the mark and the latter to look inside
of it. Still higher magnification could have given us better
lateral resolution but the short working distance would have
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Fig. 3~Surface profiies of a stainiess stee! bearing bsll scuffed in

potyphenyl ether, before and after a test probe of 0.04 M sicohalic hy-

drochioric acid was epplied. The top traces were taken outside the

scuft mark and the bottom traces were taken inside the scuf! mark. (In

order t0 avoid overiap, the traces taken after the acid trestment were
oot oft.)
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made the application of the test Auid (0.04 M alcoholic
hydrochloric acid) very difficult.

Figure 3 shows two of an area of such a used steel bearing
ball, which includes parts within and without the scuff mark.
A drop (0.05 ml) of test Ruid was applied from a measuring
syringe, care being taken not to move the ball-microscope
alignment in any way. For this work, the ball was rigidly
mounted on a holder, which itself was rigidly attached to
the microscope frame, so that the entire system would vi-
brate as one unit. The drop would evaporate rapidly, and
then another profile was recorded. As can be seen from
Fig. 3, the changes outside the scuff mark were much smaller
than the changes inside the scuff mark and, in either case,
most of the profile was lowered by the test reaction.

In another instance, the difference of reaction inside and
outside the scuff mark was even more drastic. Figure 4
presents a clear indication that changes of profiles can be
both upwards and downwards. There can be no doubt that
the changes produced by the test probe within the scuff
mark were much greater.

Figure 5 represents the effects outside of the scuff mark
of two successive probes on stainless steel bearing ball run
to scuffing on polyphyenyl ether. The reactivity was much
greater for the second treatment than for the first. The first
treatment might have attacked the oxide layer, the second
the metal itself.

Examinations of Balf Surfaces Run In Polypheny) Ether
Containing 1 percent of 1,1,2-trichloroethane (TCE)
with the Interferometric Microscope

Figure 6 shows the profiles obtained with a bearing ball
within and without the scuff mark, then the polyphenyl
ether (5P4E) lubricant contained 1 percent of 1,1,2-tri-
chloroethane (TCE). As can be seen, the differences of pro-
file produced by the probe treatment were minimal in each
case. although the changes within the track were a little bit
more evident.

Examinations of Titanium-nitride-coated Bearing Ball
Run in Polypheny! Ether with or without 1,1,2-
trichloroethane (TCE) with the Interferometric
Microscope

In this case, scuffing did not occur. The profiles outside
the barely visible score mark did not change at all on probe
treatment, but, with TCE and within the score, continuous
changes occurred. It turned out to be impossible to get
reproducible profiles under these conditions. For these rea-
sons, we assumed that cracks in the coating had occurred.
The following section shows a confirmation of this hypoth-
esis by photographs taken under the scanning electron mi-
croscope.

Scanning Electron Photomicrographs of Wear Surfaces

Perhaps the most interesting of these photos is Fig. 7,
taken within and without the barety noticeable score mark
of a TiN-coated ball. The light areas represent TiN coatings.
The ladder-type structure within the score mark is very
interesting and will be discussed later. The picture taken
oft the (rack shows the pornsuv of the TiN coating.
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Fig. 4—-Surtace profiles of ancther stainiess stesl bearing ball scuffed

in polypheny! ether, before and after a test probe of 0.04 M aicoholic

hydrochioric acid was applied. The top traces wers taken inside the scuff

mark. (in order to avoid overiap, the traces taken after the acid treatment
were set off.)
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Fig. 5—Series of profiles of the bearing ball of Fig. 4 taken outside of

the scuff mark. Two successive probe treatments were given. (Profiles
were set off to avoid overiap.)

The electron photomicrographs of the bare ball after use
with polyphenyl ether are also interesting. Without TCE,
the wear track shows streaks and some of the characteristic
scuff marks (Fig. 8(a)]. When TCE was present, however,
wund specks occur with hngh concentration in lhe nack ol‘
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Fig. 6—Surtace profiles of a different stainless steel bearing balil scutfed
in polyphenyi sther containing 1 percent of 1,1,2-trichiorosthane. The top
traces were tsken outside the scuff mark, wheress the bottom traces

were taken inside the scut! mark. (The traces recorded after the acid °

treatment were set off 10 avold overlap.)

Fig. 7--SEM of TiN-coated ball taken (a) within the score mark, note

fadder-like porous structure. (b) outside the score mark, note porous

structure. The lubricant was polyphenylether (SP4E) with 1 percent of
1,1,2-trichloroethane.

highest wear [Fig. 8(b}). Outside the wear track, these specks
were essentially absent.

Profiles of Heated Plates Before and After Reaction
with 0.04M Alcohol Hydrochioric Acid

To answer the question whether the heating above a “to-
tal” temperature would change the reactivity, we applied
the same alcoholic hydrochloric acid probe we used for the
scuffed balls to heated steel specimens. The probe was, of
course, applied at room temperature. Figure 9 shows such
profiles before and after treatment, when the plate was
heated to 204°C and to 774°C. In the former case, the changes
in contour were small; in the later case, rather large.
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Fig. 8—SEM of 440C-steel ball run on (s) polyphenyl ether to scuifing.
Note wear track with characteristic scuf! marks, (b) polypheny! sther
contalning 1 percent of 1,1,2-trichiorosthane. Note the round specks.

TsT774 °C

change in profile after acid treatment for heoted
speacimen

Fig. 9—Change of surface profile after treatment with aicoholic hydro-
chioric acid of a stainless steel specimen heated 10 (a) 204°C, and (b)
174°C.

The heating was carried out as described previously. This
“tempering” may have changed the microstructure of the
steel and probably did so even though the metallurgically
prescribed procedure was not followed. The resulting change
of chemical reactivity is a point stressed in this paper.

Figure 10 is an Arrhenius-type plot of contour changes
(the shaded areas of Fig. 9, for example) against temper-
ature. The discrepancies from an average straight line, con-
sidering the relative crudeness of the method, are not great.

DISCUSSION

The results of our experiments can be summarized as
follows:
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Fig. 10—Arrhenius-type plot of surface profile change of stainiess steel
specimens hested to ditferent temperstures. Relative surface change
sfter acid treatment of S.S. (304) specimens heated to ditferent temp.

1. Scuffed steel bearing surfaces are more reactive to-
ward alcoholic hydrochloride acid than virgin surfaces.

2. Scuffed bearing surfaces originally used on a lubricant
containing a small concentration of an organic chio-
ride are much less reactive toward alcoholic hydro-
chloric acid than surfaces that had become scuffed
with the undiluted lubricant.

3. Titanium-nitride-coated steel bearing surfaces did not
scuff under conditions where the uncoated surfaces
did. They did show track marks, however. Further-
more the coating proved to be porous in general and
exhibited a ladder-type structure on the track marks
when run with polyphenyl ether containing 1 percent
of 1,1,2-trichloroethane. When run without the chlo-
ride, the surface on the track marks was not changed
but was just as porous as the virgin surfaces.

4. Uncoated steel bearing surfaces scuffed with poly-
phenyl ether lubricant containing 1,1,2-trichloroe-
thane showed a high concentration of round specks
in the track but only few such specks outside of it. No
specks at all were shown when the chloride was absent.
These specks are presumably metal chloride.

| 5. The reactivity of heated metal surfaces toward alco-

holic hydrochloric acid at ambient temperature follows

an Arrhenius-type relation with temperature. Point 5

would seem to indicate that a bearing surface heated

at any one time to a high temperature, e.g. by direct
contact. could become much more reactive and there-
fore prone to scuffing at a later time.

The Arrhenius plot of Fig. 10 would seem to be the result
of a lasting change of the metal surface by its reheating or
tempering. Perhaps the so-called “chemostress” coefficient
defined by Ciftan and Saibel (7) plays a role. These authors
have shown a change of chemical potential of an adsorbate
with stress in the substrate. The chemical potential expresses
the change of free energy with concentration of a chemical
constituent and the free eneryy change AG for a reaction
is related to the equilibrium constant K. Therefore, the ratio
of a product of product concentrations to that of reactant
concentrations, hy the well-known lhermodvn.mm relation
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K = exp (AGIRT)

an Arrhenius relation between a product of reaction (e.g.
surface profile change) and the absolute temperature can
be derived by thermodynamic and continuum mechanics
alone. However, the heterogeneity of the metal surface could
be the basis of a kinetic explanation: The tempering changes
the surface composition logarithmically with emperature
because it is diffusion-controlled and the chemical reaction
rate depends on the number of reaction sites thereby cre-
ated. This argument would equally lead to an Arrhenius
relation.

Both of these explanations could be valid simultaneously,
but the latter seems to be more important on the basis of
chemical and especially electrochemical experience. Their
relative importance will be determined by repeating the
experiments with pure solid surfaces.

It was important to note that titanium-coated balls barely
scuffed under our conditions. Yet, when 1,1,2-trichloroe-
thane was present in the lubricant, the rather remarkable
ladder-type structure appeared. The crests at right angles
to the direction of ball motion could have been formed in
a manner similar to the well-known washboard effect on
highway surfaces. In both cases, a liquid was able to creep
below the surface as our measurements with the interfer.
ence microscope indicated and which were confirmed by
the scanning electron microscope. The same theory seems
to be applicable in both cases. Work along these lines is in
progress.

The reason for the increased metal surface reactivity as
a result of heating to high temperatures could be a change
of metal structure, a phase change, or a migration of im-
purities. Such phenomena are weil-known to corrosion en-
gineers (6).
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DISCUSSION

HEIRACHIRO OKABE (Member, ASLE)
Tokyo Institute of Technology
Tokyo, Japan

The authors have provided a very useful tool, especially
in studying oil film behavior under EHD lubrication. The
method shown in this paper would give us predictive tech-
niques in a new framework of surface topography relating
to contact initiation in EHD lubrication.

The discusser is interested in knowing the chemical reac-
tivity change before the scuffing occurs.

Asperities on rubbing surfaces are actually under periodic
heating. The authors suggest that we could obtain infor-
mation of topographical and chemical changes of the sur-
faces in a process leading the rubbing surfaces to the scuff-
ing. If the authors’ method could detect such a change of
the surface before scuffing occurs, it would be very useful
for considering additive formulations bearable for long run-
ning operation.

Did the authors try to detect the reactivity change of the
surface before the scuffing?

DISCUSSION

E. RABINOWICZ (Fellow, ASLE)
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Papers describing a new technique are usually of consid-
erable interest, and this one proves to be no exception. It
is obviously of great value to have available a technique for
studying small surface profile changes, but it is not clear to0
me whether with the new technique the surface being ex-
amined can be taken out of the microscope while its profile
is being changed.

I have a number of specific comments.

a) Was the time interval between the scuffing tests and
the acid treatment tests controlled? In studies we have car-
ried out using exoelectron techniques, the reactivities of
metal surfaces varied drastically with the time that had elapsed
since these surfaces were produced.

b) To what do the authors attribute the growth of surfaces
(Figs. 3 and 4) during acid treatment?

) Typical Arrhenius-type processes have activation ener-
gies such that the rate of reaction doubles for every 10°C
increase in temperature. In the Arrhenius plot of Fig. 10,
the rate doubles for every 150°C increase in temperature,
giving an improbably low activation energy value.

REFERENCE

(B1) March, P. A. and Rabinowicz, E., “Exoelectron Emission for the Study
of Surface Fatigue Wear,” ASLE Trens., 20, pp 315-320 (1977).

AUTHORS’ CLOSURE

An objective of our work has been to find a change in
bearing surface reactivity before scuffing. Having found a
large change after scuffing makes our success more likely.
Our reason for starting the way we did was the destructive
nature of the test; once a bearing surface has been removed
from an operating bearing for testing, it cannot be put back
again and it has been difficult to prepare exactly equal sur-
faces for tests of different lengths. However, this work is
in progress both with our present reactivity test procedure
and with others which are potentially nondestructive. Un-
fortunately, as our work has shown, no measure of surface
contour is by itself sufficient to predict chemical reactivity.
We hope these comments will have answered Professor
Okabe’s questions.

The destructive nature of our test may also provide a
partial answer to Professor Rabinowicz's comment. We can-
not, at this time, control the time between scuffing and our
test procedure, since the bearing must be taken apart for
our test. Our results from both the reported and other data
lead us to believe that the time interval is essentially infinite
with respect to reactivity change. Therefore, the differences
in reactivity between scuffed and unscuffed parts of the
bearing surface can be considered permanent.

« = -<The “growth” of the surfaces during acid treatment (Figs.

3 and 4) does not necessarily mean only the addition of
volume. Since a new surface composition is likely to have
optical properties different from the previous ones, the phase
on reflection is now different. The surface profiles mea-
sured with our interference microscope are really phase
profiles and not material profiles such as those measured
by a stylus. A phase change can, therefore, look like “growth”
even when none occurred. For this reason, we avoided stat-
ing an activation energy calculated from our data of Fig.
10. Since the optical constants of the new surface were un-
known to us at the time, we were not concerned that the
“apparent” activation energy we had calculated came out
to be chemically nonsensical. We have been careful to refer
to observed profile changes only without giving them a ma-
terial meaning. However, we will soon be able to measure
the phase changes independently by ellipsometry and ob-
tain “proper” activation energies.

IR e Sudl Shdh s Sedh ool




L it panst 2ai maay 2t i o amu e ) - naie s P i Jlama e e e s 4 T - v
LI T T T AP e e P A - A AR P

APPENDIX III

Emission FTIR Analyses of Thin Microscopic Patches
of Jet Fuel Residues Deposited on Heated Metal Surfaces

by

James L. Lauer and Peter Vogel
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EMISSION FTIR ANALYSES OF THIN MICROSCOPIC PATCHES OF
JET FUEL RESIDUES DEPOSITED ON HEATED METAL SURFAGES

s e s s,

James L. LAUER and Peter VOGEL

Department of Mechanical Engineering, Aeronautical Engineering and Mechanics, Rensselaer
Polytechnic Institute, Troy, New York 12181, USA
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Deposits laid down in patches on metal strips in a high pressure/high temperature fuel system
simulator operated with aerated fuel at varying (low rates were analyzed by emission FTIR in
terms of functional groups. Significant differences were found in the spectra and amounts of
) deposits derived from fuels to which small concentrations of oxygen-, nitrogen-, or sulfur-contain-

ning heterocyclics or metal naphthenates had been added. The spectra of deposits generated on
: strips by heating fuels and air in a closed container were very different from those of the flowing
fluid deposits. One such closed-container dodecane deposit on silver gave a strong surface-en-

: hanced Raman spectrum.

j 1. Introduction

. Aircraft fuels containing oxygen often have a tendency to form hard, sticky,
carbonaceous and generally insoluble deposits on contacting surfaces at elevated
temperatures. Small concentrations of nonhydrocarbons, such as nitrogen- and
sulfur-containing materials, often enhance the deposit-forming tendency. In
aircraft gas turbine engines these deposits may clog critical passages in valves
and nozzles and decrease heat transfer efficiency through heat exchanger
surfaces. These problems may increase in newer engines due to the higher
temperatures and longer residence times expected with higher compression
ratios and staged fuel injection. Future fuels are likely to be richer in aromatics
and nonhydrocarbons than present ones and therefore likely to aggravate the
deposit problems even more.

Clearly there is a need for the testing of fuels for their deposit-forming
tendencies. In the longer run, however, an understanding of the mechanisms
leading to deposit formation must be developed so that future fuels and
engines can be designed to minimize deposit problems. Most of the testing is
done today with small flow systems allowing for fuel and surface heating and
the injection of controlled amounts of air or oxygen into the flowing test fuel.
These JFTOT systems (Jet Fuel Thermal Oxidation Testers) typically use 0.3
cm diameter stainless steel or aluminum tubes, about 15 cm long, for deposit

0378-5963 /84 /$03.00 € Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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collection on their outer surface. These tubes are located in the stream of test
fuel and are heated by the passage of electric current. A thermocouple in the
center of their hollow interior records an average temperature, but this method
of heating practically insures a temperature gradient along the tube axis.
Furthermore, the large curvature of the mantle surface on which fuel deposits
are formed, is very inconvenient for most methods of nondestructive chemical
analysis. A superior device for deposit collection was therefore constructed at
NASA-Lewis, where the surfaces are flat and removable strips of metal
(shims) and of relatively large size (about 2 cm?), yet small enough compared
to the overall flow system to ensure uniform surface temperature.

For the study reported here both these shim deposits and deposits formed in
our own laboratory on similar shims in a small corrosion test bomb undar
stationary conditions were used. The fuels for this study were selected to be
typical of actual ones. They were used either neat or containing small con-
centrations of simple molecules representative of typical nonhydrocarbon
contaminants. Not unexpectedly the deposits formed under stationary condi-
tions were different from those formed under flow because of the difference in
precursor or intermediate species availability. However, the former deposits
were found to be different also when shims of different metals were simulta-
neously used and thus provided a simple - and inexpensive - procedure for
evaluating substrates. Deposit formation from liquid fuels depends very strongly
on the nature of the solid boundary surfaces.

In view of the complexity of the process and the very small quantities of
deposits formed in reasonable test times, say a few hours, it is not surprising
that the standard deposit evaluating procedure today is still visual comparison
of the deposit color with those on a standard color chart. A JFTOT “Tube
Deposit Rater” (TDR) by which the reflected color is compared. has also been
used. Unfortunately the “color number” so found does not provide much
information of a chemical nature and therefore tells us little or nothing about
the nature or mechanism of deposit formation. The procedure used in this
study was Fourier infrared emission microspectrophotometry (FIEMS), which
is extremely sensitive and very powerful for the solution of problems in
molecular and crystalline structure. Preliminary studies of aircraft fuel deposits
by FIEMS were reported previously (1] so that the apparatus and its capabili-
ties need only a brief description. The results of the flow experiments showed
that both the quantity and the nature of the deposits are altered with change of
fuel composition and to some extent, change of nonhydrocarbon additive
(“spike™). A strong influence of the substrate was shown in the bomb experi-
ments.

In one instance, surface-enhanced Raman spectroscopy (SERS) was used to
analyze a bomb deposit formed from dodecane on a silver surface. Because it is
the first application of SERS to a “real” material, the very respectable
spectrum is communicated here also.
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2. Experimental
2.1. Apparatus and experimental conditions of deposit collection ,

Fig. 1 is a photograph of the Modified JFTOT Flat Sample Rig (MJFSR).
For this work it is important to note that the test specimens (shims) had a
rectangular area of 10 X 20 mm exposed to the flowing fuel. Since the deposit
weights varied between 0.02 and 0.2 mg (fig. 9) and their density was estimated
as close to unity (between polyolefins and phenolic resins), thicknesses of 1000
A t0 1 um could be estimated. These values are similar to our previously
estimated values of 1000 A, which were arrived at by scanning electron
microscopy (SEM) [1]. Since these weights were obtained by differential
weighings and represent small differences between relatively large numbers,
their accuracy is not high. The higher weights were usually observed when
naphthenates had been added to the fuels. These materials are surfactants and
caused deposits to be formed on both sides of the shims.

The conditions of the MJFSR runs were: test duration near 120 min and

Fig. 1. NASA -Lewis deposit sample holder.
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run temperature near 250°C. These values were deduced by interpolations and
small extrapolations from peripheral measurements and were achieved and
maintained to better than one percent (+1%).

Work is now in progress to determine deposit thicknesses by ellipsometry.

For the stationary experiments in our laboratory a standard 500 ml stainless
steel corrosion bomb was used. It was provided with inert (silicone or Viton)
gaskets, filled with 10 ml of hydrocarbon test fluid; several shims were
inserted, and then heated to 250°C for 3 h. Therefore the hydrocarbon was in
large excess over the oxygen and complete combustion was excluded. an
analogy to the situation of the MJFSR where aerated fuels are used. The
conditions of the bomb experiments insured that the metal strips (shims)
suspended within the bomb were at uniform temperature throughout and at
the same temperature as the fuel. Differences in amount and character of the
material deposited on these strips must therefore be attributed exclusively to
differences in the strip material and cannot be attributed to temperature
gradients, for example.

The deposit samples obtained from the MJFSR were all collected on
commercial stainless steel foil and the same foil was also employed in the
bomb experiments. However, in the latter, strips of aluminum foil and silver
foil were also used as deposit collectors. For the Raman experiment a micro-
scope slide covered with a thin evaporated silver film (*“island film™) was
momentarily dipped into the test fluid after the test. The bomb deposit
samples were very much thinner than the MJFSR ones, for they were barely
visible as a change of reflectivity. The roughness of the stainless steel foil was
far greater (at least three times) than that of the aluminum and silver foils; the
roughness of the aluminum foil was about SO% greater than that of the silver
foil. These estimates are based on the graybody background intensities in
infrared emission.

2.2. Test fuels

Three base fuels were used in the MJFSR: (1) Jet A, a representative jet fuel
consisting of about 17% by volume of mononuclear aromatics, 0.1% of olefins,
2% of naphthalenes, and the balance of saturates; (2) ERBS, an experimental
broadened-properties reference fuel, consisting of 35% of mononuclear
aromatics, 0.3% of olefins, 7.5% of naphthalenes, and the balance of saturates;
(3) dodecane, which is, of course, an essentially pure saturated hydrocarbon
(aromatic and olefinic impurities: < 0.006 and 0.03% respectively). In addition.
a few runs were made with a mixture of 80% dodecane and 20% tetralin.
Tetralin is well known for its peroxide-forming tendencies and a preliminary
study of its influence on the formation and composition of the deposits was
thought to be worth including.

The *“spikes™ or additives were tested in the MJFSR in varying concentra-
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tions. They were thiophene, furan, pyrrole and copper and iron naphthenates.
For Jet A and ERBS the concentrations were: pyrrole 0.1 wt®, thiophene and
furan 1.0 wt%, copper naphthenate 2 ppm and iron naphthenate 1 ppm. For
dodecane all the amounts were twice the above. Thiophene and pyrrole were
thought to be good initial representatives of nonhydrocarbon components in
fuel. The naphthenates were used because it was thought that a portion of the
metals present in fuels are in organometallic form. However, the naphthenates
can behave like soaps and alter the flow pattern at boundary surfaces.

Only two hydrocarbon liquids were used in the bomb experiments, dode-
cane and toluene.

2.3. Spectroscopic analyses

Our preferred method of analysis was essentially the same Fourier emission
microspectrophotometry we had used previously [1]. The schematic drawing of
fig. 2 was taken from our previous publication. However, a number of
improvements were made. Thus, for example, the chopper and the blackbody
were relocated to a position between the heated sample and the lens. The old
position below the lens, chosen for reasons of space and convenience, would
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Fig. 2. Schematic drawing of Fourier emission microspectrophotometer.
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lead to increased background radiation as the lens would heat up and itself
become a source of radiation. This problem became particularly acute when
the sample temperature was raised from 40 to 130°C to improve the
signal/noise ratio of extremely thin deposits. The tuning fork chopper was
replaced by a rotating wheel at 45° with the optical axis of the lens to
introduce sample and blackbody radiation alternatingly into the spectrometer.
The wheel was more stable and a better reflector than the tuning fork tines.
However, perhaps the most important innovation of primary importance for
the analysis of the extremely thin deposits produced in our bomb experiments
was a heated sample holder that would allow the planes of the shims to be
. placed at a high angle with the optic axis. Doing that also required a lens of
tf- longer working distance than the one used previously. A large angle of
. emission is of great importance when very thin samples on metal surfaces are
': analyzed by infrared emission, for then the metal surfaces produce an intensity
pattern that has its maximum at viewing angles of 70°-80° from the surface
normal (Greenler [2]).

Introduction of a variable viewing angle thus added another clement of
complexity in our sample location system. It is not important to describe it in
detail in this paper, but it should be mentioned that a region in a deposit
sample can be reproducibly located by X, Y, Z and rotational adjustments in
both a horizontal and a vertical plane to about +0.05 mm and 0.1° of angle.
To make use of this precision, all the instrumentation is set on a optical table
of high quality. Depending on the objective lens used the deposit area viewed
can be varied from about 1 cm? to 100 um?, so that small spots of deposit can
be analyzed.

In the work reported here polarization modulation was not used. The
viewing angle was kept between 45° and 75°, with respect to the surface
normal. The influence of viewing angle on a typical deposit spectrum is shown
in fig. 3. A1 0° very little structural detail appears above the background. At
45° strong bands at 1470, 1610, 1730 and 1780 cm ™' are very distinct. These
bands can be assigned to the CH, scissoring mode, the asymmetrical stretch of
carboxylic acid salts, and the C=0 stretches of ketones and p-lactones,
respectively. As pointed out by Greenler {2}, the most intense emission bands
' from a material adsorbed in a thin layer on a metal surface are likely to be
those originating from a transition dipole vector having a strong component
vibrating perpendicularly to the surface.

Our slow-scanning Fourier spectrometer is ideally suited for the analysis of
the very weak infrared emissions (small sample areas, sample temperature as
low as 40°C with a room temperature detector and very thin samples on metal
surfaces) {3], but practical considerations allow the averaging of only a few
(three to four) spectra. In general, only the spectral region from 600 to 2000
cm ™' could be used because of the rapid radiation intensity fail-off at higher
frequencies. Furthermore, it proved to be convenient to separate this spectral
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Fig. 3. Change of spectrum with observation angle.

region into three parts by optical [iltering (600-1200, 1100-1400, and
1300-2000 cm ™ ') to reduce the dynamic range. Not all ranges were run for all
the spectra. The reciprocal resolution was +5 cm™'. The last two ranges
required complete removal of moisture and carbon dioxide from the spectrom-
eter atmosphere.

The Raman spectra were obtained with a Spex spectrometer in the RPI
Physics Department.

2.4. Calibration

Fig. 4 shows an emission spectrum of a 2.5 pm thick film of Mylar at 60°C.
It is included here not only to show that all the absorption bands are clearly
distinguishable as emission bands and that they appear at the same frequencies
but aiso the three spectral ranges we use, which are separated by optical filters
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Fig. 4. Absorption and emission spectrum of Mylar.

of sharp cutoffs. That the spectrum was not ratioed to the blackbody, is one
reason that the relative intensities of the various bands are not those observed
' in absorption. Another reason for the intensity differences is the effect of the
substrate and polarization.
The Mylar spectra are single spectra, not averages of many spectra as has
become common practice in Fourier infrared spectroscopy.
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3. Results and discussion
3.1. Bomb experiments

3.1.1. Infrared emission

Figs. 5 and 6 contain three infrared emissions each of deposits from
dodecane and toluene, which were collected simultaneously on stainless steel,
aluminum and silver strips. Thickness data are lacking, but visual comparison
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Fig. 5. Emission spectra of dod deposits collected on three different metals in a corrosion
bomb.
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Fig. 6. Emission spectra of toluene deposits collected on three different metals in a corrosion

bomb.

with deposits on tubes, whose thickness was estimated by scanning electron
microscopy, would seem to indicate that these strip deposits were less than 100
A thick. The spectra of these figures were all normalized and displaced
vertically in the order of background intensity, stainless steel furnishing the
highest background, no doubt because it is the poorest reflector and had the
roughest surface. It should also be pointed out that all these spectra were
separately obtained in three separate wavenumber regions although the com-
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posite spectra of figs. 5 and 6 appear to be continuous. Casual comparison of

the spectra shows that the contrast is highest for the aluminum deposits and

lowest for the stainless steel deposits, the silver deposit spectra occupying an , o
intermediate position. The order of the spectral contrasts parallels that of the |
reflectivity of the substrate in the infrared (in the infrared aluminum is a

somewhat better reflector than silver).

The strongest and most outstanding emission band in the spectra of the
aluminum deposits formed from both dodecane and toluene is peaking at 930 !
cm™' for the former and at 910 cm™! for the latter. A weaker band in this
spectral range ‘is also present in all the other spectra. For this reason and
because of the wavenumber difference it is unlikely that this band is merely the
aluminum oxide phonon described by Mertens {4]. The chances are that it is
both due to this phonon and the OH...O out-of-plane hydrogen deformation
of the carboxyl dimer. This assignment is confirmed by a strong band at
1300-1310 cm ™', which is present in all the dodecane deposit spectra but only
in the toluene deposit spectrum from aluminum. This band is considered to be
caused by the C-O stretch of the carboxyl. Another carboxyl dimer band, the
C=0 stretch expected to be located between 1680 and 1740 cm ™! is strongly
present in both of the aluminum deposit spectra. The aluminum deposit
spectra also contain a strong band at 1580 cm™' and a weaker one at 1430
cm™!, which are usually assigned to the asymmetric and symmetric stretching
modes of carboxylic acid salts, as well as a strong band at 1650 cm ™', which
can be assigned to C=C (olefin) stretch. The presence of a carboxylic acid in
the aluminum deposits from dodecane is also indirectly confirmed by the series
of nearly equispaced bands between 1200 and 1320 cm ™', which represent the
harmonics of the CH, wagging mode; these bands are usually particularly
intense in paraffinic carboxylic acids and salts. On the other hand, the toluene
deposits on aluminum show characteristic bands near 1580 and 1630 cm ™', at
710 em ™' and around 1450 and 1500 cm™', which can be assigned to the
phenyl group. A band near 710 cm ™! in all the dodecane deposits is likely to
be the CH, rock. A band near 1730 cm ™! for the dodecane deposits and near
1700 cm ™! for the toluene deposits must be assigned to carbonyl.

There is much less evidence for carboxylic acids and little if any, for salts in
the silver deposits and essentially none for either in the stainless steel deposits.
In the latter the most identifiable bands. ie.. 1260 and 1350 cm™' for
dodecane are CH, and CH, deformations. The silver deposit spectra, however,
do show carbonyl bands as well.

The specira of the bomb deposits can therefore be summarized as follows:
On aluminum the hydrocarbons were partly oxidized all the way to carboxylic
acids and salts, and partly to aldehydes and ketones. on silver also partly to
carboxylic acids and to aldehydes and ketones and on stainless steel probably
mostly to hydrocarbon polymers. The latter spectra show little evidence of the
presence of carbonyl groups.
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How do these spectra compare with the MJFSR spectra? A good example is
shown in fig. 7.

Dodecane deposits on stainless steel are compared for the two situations. If

" at all present the 1260 and 1350 cm™' bands of the bomb experiments are

essentially absent for MJFSR. However, the MJFSR spectrum does show
possible evidence for C = O bands at 1700, 1730 cm ™' and a strong band at
840 cm ™! may be indicative of olefin epoxidation. Olefins are also very likely
evidenced by bands near 1600 cm™'. It would appear therefore that oxidation
went further in MJFSR than in our bomb.

Unfortunately our emission spectra regions do not extend beyond 2000
cm™! because the available energy is too low beyond that frequency. Others
encountered the same limitation (Suétaka {5]).

3.1.2. Surface enhanced Raman (SERS) spectrum
The Raman spectrum of fig. 8, obtained by momentarily dipping a silver-
coated microscope slide into the partly oxidized dodecane after the bomb test,
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Fig. 7. Comparison of spectra from dodecane deposits collected on stainless steel in the MJFSR
and the stainless steel bomb.
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Fig. 8. Raman spectrum of a dodecane deposit collected on silver in a stainless steel bomb.

was surprising for its quality. The deposit was barely visible as a minute
reflectivity change and was probably no more than a few molecular layers
thick. It shows strong bands at 820, 960, 1130, 1250, 1380, 1560, 1600 and at
1640 (strong) cm ™. The principal infrared emission bands in the dodecane
deposit ‘on silver (fig. 5) are at 850. 910, 980, 1130, 1180, 1260, 1600, 1650
(weak) and 1730 cm ™. Perhaps the most outstanding difference between these
spectra is the clear absence of a Raman band at 1700 cm ™' and the presence of
broad and strong Raman bands but weak infrared bands grouped near 1400
and 1640 cm~'. Since the carboxylic acid dimer is centroxymmetric, the
asymmetric carbonyl stretch would be expected to fall at 1700 ¢cm ™! and be
infrared-active only and the symmetric stretch to fall at 1640 cm~' and be
Raman-active only. An infrared band near 1600 cm ™' and a Raman band near
1400 cm ™" are similarly expected for the coupled oscillators in carboxylic acid
salts. Other bands in both the infrared and Raman spectra can be assigned to
olefins and alkanes as shown in table 1, which summarizes the data.

There is a great deal of recent literature on different selection rules for
SERS and for ordinary Raman spectroscopy [6]. Some authors consider
chemisorption a prerequisite for SERS. Our data would still be consistent with
the assignments made, but no conclusions should be made on the basis of
relative band intensities.

3.2. Lewis thermal stability (MJFSR) spectra

3.2.1. Overview
Fig. 9 is a comparison of the deposit weight on the standard 2 ¢m? stainless
steel surface and the “greatest unnormalized amplitude” (GUA) of our in-
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Fig. 9. Comparison of MJFSR deposit weights and infrared emission intensity (GUA). The bars
containing the horizontal lines represent weights of deposits formed on both sides of the collecting
strip.

frared emission spectra in the 650-1250 cm ™! wavenumber region. This region
includes essentially only bands representing C-C or C-H vibrational modes
and the overall intensity in this region would be expected to be related only 10
carbonaceous, i.e., not oxidized, material. Some of the bars for the deposit
weights contain question marks to indicate that the measurements are probably
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invalid; material crept under the sample shim. It is clear that the spikes (i.e.,
the additives) increased deposit weights considerably, especially thiophene,
furan, and pyrrole, but the naphthenates had only little influence, presumably
because of their lower concentrations, if the bad data are excluded. The GUA’s
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Fig. 10. Emission spectra of dodecane deposit on MJFSR stainless steel shims: (A) neat fuel; (B)
with copper naphthenate; (C) with iron naphthenate; (D) with furan.
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| parallel the deposit weights in a general way, e.g., the GUA for the blanks (i.c.,
deposits from the neat fuel) are relatively low, but they are not proportional to
them. The ratio of GUA to weight is high for the blanks and the deposits from
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Fig. 11. Difference spectra of MJFSR deposits from dod with additives and those of the
straight fuel: (A) with copper naphthenate minus neat; (B) with iron naphthenate minus neat; (C)
with furan minus neat.
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the naphthenate spikes, but is much lower for the other spikes. If the lengths of
the bars for the GUA's are added for a given fuel, then dodecane comes out
first, ERBS fuel second and JETA third, but if the same is done for the deposit
weights, ERBS fuel is first and JETA and dodecane about the same. What
these comparisons show is the different nature of the deposits, thick deposits
do not necessarily give intense spectral bands. The aromatic fuels contain less
hydrogen per unit mass than the paraffinic and also give rise to aromatic
deposits whose infrared emission bands are therefore weaker in the C-H
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Fig. 12. Emission spectra of Jet A fuel deposits on MJFSR stainless steel shims: (A) neat fuel, (B)

with copper naphthenate; (C) with iron napthenate.
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region. Visual inspection of the deposit layers on the shims shows the dif-
ference in their nature by slightly different colors.

3.2.2. Dodecane spectra

Fig. 10 shows 600-2000 cm™' emission spectra of dodecane deposits
formed at MJFSR on stainless steel shims. These spectra are included to show
the complexity and the effect of the additives. Perhaps the single most
important difference to be noticed in these spectra is the enhancement of a

I i
T
Y v ,}I:lll ol "m Y
y o A 1"n\ H =l||,‘\;u,j..ul\”iml\;.‘:
'\I ’\IH\\III |”\l oy . '”\’V"
i ey ol I Vo
W I I ¥
u !
|
n [
N n.n !
B oo +—f Y t
ARSI NI
1580
600 1000 lS'OO 2000

WAVENUMBER (1/CM)

Fig. 13. Difference spectra of MJFSR deposits from Jet A fuel with additives and those of the
straight fuel: (A) with copper naphthenate minus neat: (B) with iron naphthenate minus neat.
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band at 1580 cm™! relative to its neighbors by the additives furan and the
naphthenates. With the copper naphthenate spike this band is already the
strongest in the spectrum, but with iron naphthenate this band is the outstand-
ing feature in the 1400-2000 cm = spectral region.

As mentioned earlier, the 1580 cm ™' band was assigned to carboxyl salts.
Therefore, the naphthenates, in particular, would seem to concentrate in the
deposits.

To show the effect of the spikes more clearly the difference spectra of fig. 11
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Fig. 14. Emission spectra of ERBS fuel deposit on MJFSR siainless steel shims: (A) neat: (B) with
copper naphthenate; (C) with iron naphthenate.
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were plotted by computer. These spectra take into account that different
spectra have different overall intensities. In all cases the deposit spectrum
derived from pure dodecane was subtracted from the spectra derived from
dodecane containing the spikes. Contributions of the spike are pointing up,
subtractions down. [t will be noticed that all the additives enhance bands near
770, 1400, 1450 and 1550 cm™'. Iron naphthenate and furan resolve the 1550
cm™! band from its 1580 cm~" neighbor. These bands occur in the additives.
Thus the spectra show an increased concentration of additive material in the
deposits.

‘ \J‘ )
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600 1000 1500 200Q

WAVENUMBER (1/CNM)

Fig. 15. Dilference spectra of MJFSR deposits from ERBS fuel with additives and those of the
straight fuel: (A) with copper naphthenate minus neat; (B) with iron naphthenate minus neat
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The first two small emission bands on the left right after the steep initial-rise i
of the background (caused by the optical filter) should also be compared in the
spectra of fig. 10. These bands, located at 720 and 730 cm™' represent the
“amorphous™ and “crystalline” components of the CH, rocking mode of
paraffinic chains. In the liquid phase only the 720 cm ™! component is present.
The “crystalline” mode arises from interactions between neighboring chains.

Clearly the naphthenates enhanced the 720 cm ™' band but virtually wiped out :

the other component. Tetralin did the same. These bands may therefore be '

related to the relative stickiness of the deposits. '

n

!

3.2.3. Jet A and ERBS specira
In figs. 12 and 13, 600-2000 cm ~' emission spectra and their differences for
Jet A are shown. When the “blank” is compared with the deposits from the i
spiked fuels, it will be noticed that the 720, 780, 850 cm™! triplet correspond-
ing to aromatic substitution is reduced in relative importance by the naph-
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Fig. 16. Emission spectra of an ERBS fuel deposit collected at 500 and 600°F.

T T Wt e S T e e et T T T e Tt e e PRI
- - - - » - - - - . ® =" - -
S ORI 207 ST e S AR Ay




204 J.L Lauer, P. Vogel / Emission FTIR analyses

thenates (it should be remembered that these are normalized spectra) while the
1580 cm ™' carboxyl salt band is relatively enhanced. Again the conclusion is
that these spikes concentrate on the surface.

The conclusions drawn from the ERBS emission spectra of figs. 14 and 15
are similar. The spikes enhance the 1580 cm™' carboxyl salt band, showing
their increased concentration there.

3.2.4. Effect of deposition temperature on the spectrum of an ERBS deposit

Fig. 16 shows an ERBS depasit spectrum obtained at S00°F and one at
600°F in the MJFSR. The strong aromatic bands at 1600 (naphthalene)and
1150 (m-substitution) cm™"' are similar in both spectra. However, the higher
temperature deposit also show strong bands at 720 and 780 cm™' which, if
they belong to the same species, are characteristic of vicinal trisubstituted
benzenes (fused polyphenyls?). An enhancement of these materials would be
expected in the deposit, but confirmation of this result will be required.

4. Conclusion

If the reader has got the impression of enormous complexity, he has got the
correct impression. Even a relatively simple, pure hydrocarbon such as dode-
cane give rise to various polymeric and oxidized reaction products in its
deposits and the distribution of these products depends on the nature of the
collecting surface as well. The basic mechanism of liquid phase oxidation, viz.
formation of alkyl hydroperoxides by the reaction of alkylperoxy radicals with
hydrogen atom donors, which can be the hydrocarbon itself, has ben well
established {7]. In some instances peroxides are formed instead of hydroper-
oxides. The decomposition of these peroxides then leads to unsaturates,
aldehydes, ketones and acids with the strong possibility of chain reaction
stimulations leading to polymers. The metal substrate can influence the deposit
reaction, such as salt formation with carboxylic acid group. Our bomb experi-
ments showed that an aluminum surface-favors carboxylic acid formation, in .
other words more oxidation, and oxidative properties of aluminum oxide have
been reported (8]. Since all the substrates in the bomb experiments were at
constant temperature, their influence on deposit composition could be dis-
tinguished.

The MJFSR deposits were more highly oxidized, e.g.. had more carboxyl
groups, than the stationary bomb deposits, presumably because (i) more
oxygen was available (it was continuously injected into the stream) and (ii)
oxidized intermediates could be carried by convection as well as by diffusion.
Hence the different compositions can be easily accounted for.

The Raman spectra (SERS) came out surprisingly well and were very
helpful in the interpretation of infrared deposit spectral data. However, the
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: procedure is clearly not routine and seems to work only with silver substrates,
which are not realistic. )

Much more realistic is the effect of the additives or spikes. Furan, thiophene
and pyrrole are all very “aromatic” in their chemical behavior. They all
promote deposit formation; pyrroles, e.g.. were found to react strongly with
peroxides to form polymeric sediments [9], but the detailed mechanism is
unknown. Tetralin also reacts with peroxy radicals, even with its own hydro-
peroxy radical by serving as a hydrogen atom donor, to form hydroperoxides
[10]. The soluble copper and iron naphthenates are oxidation catalysts as well
as micelle-formers like soaps. Dissolved copper in lubricating oils was found to
be a good chain-initiation catalyst, dissolved iron a good chain-branching
catalyst. Micelle formation of dissolved copper has been considered the reason
for the maximum oxidation rate cbserved with increased concentration. Thus
the naphthenates would also promote carboxylic acid formation from fuel and
these acids would chemisorb on metal surfaces.

As was shown by one example, temperature can have a profound influence
on surface deposits; higher temperatures increase the oxidation rate.

Thus fuel composition, temperature, the nature of the boundary surfaces
and small amounts of nonhydrocarbons can be of great importance with
regard to fuel stabilisty and wall deposits. Oxidation is the prime chemical
cause. And the spectroscopic procedures of infrared emission and Raman
(SERS) spectroscopy can assist in differentiating between good and bad actors
and in establishing mechanisms.
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Topological Reaction Rate Measurements Related
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The contact area of the plate of a balliplate (both consisting of
Aardened M-50 steel) sliding clastohydrodynamic contact run on
trimethylolpropane triheplanoate with or without tricresylphosphate
(TCP) additive was optically profiled periodically with a phase-
locked interference microscope (PLIM), both before and after ex-
posure lo alcoholic hydrochloric acid. As scuffing was approached,
the change of profile within the coniact region changed much more
rapidly by the acid probe and assumed a constant high value after
scuffing. A new nonetching metallurgical phase was found in the
scuff mark, which was apparently responsible for the high reactivity.
Soaking the metal surfaces in the lubricant before running affected
the subsequent reactivity.

The microscopic profile changes (sensitivity = 30 A in depth)
involved primarily the small asperities of radius < 3 pm, while the
larger ones were unaffected. Soaking the steel in TCP smoothed
the fine structure of the surface profile, but increased the reactivity
toward hydrochloric acid before sliding was started. This behavior
parallels chemical changes of TCP-exposed surfaces observed pre-
viously.

1t would appear that this type of examination could be used for
screening of potentially scuff-resistant mui.rials.

INTRODUCTION

Scuffing or scoring of stainless-steel bearing surfaces was
found to increase the chemical reactivity at room temper-
ature (7). A phase-locked interference microscope (PLIM)
was used to show on a microscale that the same exposure
to dilute alcoholic hydrochloric acid produced much greater
contour changes within than without the score track. On
the conjecture that 2 maximum temperature reached dur-
ing scuffing or scoring was responsible for the reactivity
difference, a series of stainless-steel plates were briefly heated
to increasing temperatures and their reactivities toward al-
coholic hydrochloric acid measured at room temperature.

Presented 2s an Amaerican Society of Lubrication Engineers
poper st the ASLE/ASME Lubrication Conference in
Hertford, Connecticut, October 18-20, 1983
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Indeed, the reactivity was higher the higher the preheat
temperature. Based on this result, it was assumed that the
scuffing reaction depended on a critical preheat tempera-
ture but that, in contrast to the implications of the total
contact temperature concept of Blok (2) and others, scuffing
does not have to occur right at that temperature. Presum-
ably, a metallurgical change would occur on heating of the
metal surfaces which could eventually affect a large enough
contact region to promote the fast chemical changes asso-
ciated with scuffing. Alternatively, or in addition, a chemical
change could take place on the surface, such as a transfor-
mation of oxides or of other surface compounds (8).

In this paper, we report on series of experiments in which
a lubricated ball/plate (both of hardened M-50 steel) sliding
contact was run long enough under appropriate operating
conditions until scuffing occurred. However, the plate was
removed at known intervals before scuffing and the reac-
tivity of the contact region towards diluted hydrochloric acid
was determined at room temperature.

Our present measurements were made both with an ad-
ditive-free base oil and with the same oil containing a tri-
cresyl phosphate (TCP) antiwear additive. Soaking the bear-
ing surfaces prior to contact operation was also investigated,
originally to pursue some of the observations reported by
Shafrin (4) some time ago. Using Auger spectrophotometry,
Shafrin had found that exposure to TCP initially formed a
phosphide on a steel surface but that this phosphide changed
to a phosphate on prolonged exposure. This change in the
nature of the surface would be expected to affect bearing
lubrication.

MATERIALS

Lubricant

The lubricant used in this work was the base oil of a
research lubricant prepared by NASA and designated as G-
MIL-99. The fully formulated lubricant was designed to
represent those manufactured under MIL-L-23699 speci-
fication.

Specifically. the base stock of G-MIL-99 is pure trime-
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Its principal physical properties are:
Viscosity, cSt at 98.9°C 35
at 37.8°C 15.2
Pour point, °C -67.8
Specific gravity, 25°C 0.963

Shell 4-Ball Wear Test

FORCE SCAR DIAMETER
Newton mm, at 54°C
600 rpm, 1 hour
9.8 0.21
98 0.43
392 0.57

M-30 is a 4 percent Cr, 4 percent Mo, 1 percent C, mar-
tensitic steel. The heat treatment procedure was the foliow-

ing:

Preheat 816°C
Harden 1110°C
Quench

(in molton salt) 332°C
Air Cool Room Temperature
Temper* (2 hours) 538°C
Air Cool Room Temperature
Temper (2 hours) 538°C
Air Cool Room Temperature
Three more tempers at 524°C

*Tempering should be started as soon as room temperature
is reached o avoid cracking

Our samples were heat treated by a local heat-treating
company. The hardness of the steel after the heat treatment
was 62-63 (Rockwell C).

Our samples (20.6-mm dizimeter balls and 22-mm x 11.
mm X 7-mm plates) were ground before the heat treatment.
After heat treatment, a grayish finish appeuared on the sur-
face. The plates were then mounted in epoxy plastic and
all the specimens were lapped by machine. They were pol-
ished successively with 240-, #K)-, and 600-grade sandpaper
under water, then with 9-micrometer diamond-imbedded
paper without water, and then with 0.3-micrometer alu-
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Fig. 1—Photomicrograph of M-50 steel as used. The surface was eiched
with nital. Magnification 1800X.

minum oxide under water, until practically a mirror finish
was reached. Under the meuallurgical microscope (nital
etching) the structures typical of tempered martensite were
apparent (Fig. 1). Some chunks of carbide (white areas) can
be seen.

The steel maker also supplied us with the following phys-
ical properties for this steel:

specific gravity 8.0
specific heat, J/kgK 418.6
thermal conductivity, watt/cm°C
at 100°C 0.37
. 300°C 0.35
500°C 0.34

APPARATUS
AC Phase-Locked Interferance Microscope (PLIM)

This instrument is the same as that used in our previous
investigation (1), but with certain improvements. Only the
improvements deserve detailed attention here. A major im-
provement was the addition of an argon ion laser which
makes wt possible 1o use a number of different wavelengths
as surface probes. If the surface scanned is meallic, such
as gold, or coated by a transparent oxide, such as aluminum
oxide (Fig. 2), the profiles are the same for different wave-
lengths. However, with steels usually covered by an light-
absorbing oxide coating, the profiles appear to be different
(Fig. 3). Since the oxide layers are known to be extremely
thin, the same metal surface is always the source of sample
reflection. The differences are, therefore, ascribed to phase
changes on reflection, which are wavelength-dependent.
When a wavelength is partially absorbed by the oxide e.g.
blue light by a red oxide, the phase change is dependent
on the thickness of the oxide layer and significantly ditfer-
ent from that produced by the pure metal. Therefore, the
“apparent depth profile” scanned by this wavelength is dif-
ferent {from that scanned by a wavelength which is not ab-
sorbed. From this difference, the thickness of the oxide
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Fig. 2—Optical profiles of an sluminum piste obtsined with ditferent
wavelengths of an argon lon laser.

Fig. 3—M-50 piate profile before tests. Profile difference with wave-
lengthe sre noted.

layer can be calculated provided its optical parameters are
known. (We are now in the process of constructing an el-
lipsometer attachment to the PLIM 1o determine these pa-
rameters). In our reactivity studies, real profiles and ap-
parent profiles are mixed since only profile changes are
observed. For this reason, care must be taken not to imply
that the observed profile changes are always true surface
contour changes.

Distance calibration of the instrument is very simple. In
the horizontal plane, a reticule, such as those standard with
optical microscopes, can be used. The horizontal magnifi-
cation is essentially determined by the magnification of th~
objective. The larger the magnification and, therefore, in
general, the numerical aperture (NA), the smaller the field
of view and, also, the higher the resolution of sharp surface
contours. Clearly, a steep asperity of less than two microm-
eters base diameter cannot be resolved if the effective res-
olution of the objective is less than that. Unfortunately, the
higher the magnification of the objective lens, the shorter
also its working distance. Depth calibration is done very
accurately by the phase jump in the detector plane. The
separation between two successive interference fringes cor-
responds to a phase difference of 2w between the sample
and reference beams. If there is no oxide or other dielectric
layer on the sample surface, there is phase reversal at the
sample surface and this separation of fringes corresponds
to a change in depth of sample surface profile of half a
wavelength of the laser light (e.g. 3164 A for the He/Ne

laser). This geometric change was made equal to 10V of

recorder output potential.
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A major improvement of the PLIM has been the substi-
tution of 1wo 40x, long-working-distance (18-mm) objectives
for the old standard 40x objectives (4-mm working dis-
tance). The new objectives are Cassegrainian reflectors and
should, according to established theory (3), be unsuitable
for this work because a small portion of the paraxial beam
is cut off. Contrary to theory and previous experience with
other Cassegrainian reflecting objectives, they work beau-
tifully; however, presumably because (a) the two objectives,
i.e. one in the sample and one in the reference beam, are
precisely matched and (b) the blocked center portion is very
small compared to the two-inch diameter Cassegrainian col-
lecting mirror. The long working distance makes it possibie
10 obtain profiles of surfaces through windows.

RESULTS

Effect on Surface Profile of Surface Treatment with the
Lubricant Containing 4.5 Percent of Tricresyl
Phosphate

Figure 3 shows the profile of the original M-50 plate
surface as it was obtained with two different argon ion laser
wavelengths. The surface was very smooth but the profiles
show some differences with wavelength, which we attribute
to patches of an oxide layer, for our experiments were car-
ried out in the ambient atmosphere. For this reason, the
surfaces were very likely covered by adsorbed oxygen as
well. The presence of adsorbed oxygen on M-50 steel in air
was also inferred by Faut and Wheeler (8) from their ex-
periments on the friction of TCP.

After contacting the same surface under the microscope
with the TCP-containing lubricant for five minutes, the pro-
files (Fig. 4) at the same two wavelengths became smoothed.
(Note that all our optical profiles were obtained on dry
surfaces——after exposure to lubricant, the surface was rinsed
with much alcohol and allowed to dry.) The smoothing is
especially noticeable at 4880 A.

After soaking in the TCP-containing lubricant for four
days at ambient temperatures, the profiles (Fig. 5 taken at
4880 A) became even smoother. We then applied a drop
of 0.01 M hydrochloric acid in alcohol for about ten seconds
and washed it off (our probe reaction). The small asperities
were attacked and removed (base radii of 1-2 um) but the
large ones were unaffected. The “steady-state” situation was
obtained after allowing the surface to rest for some time.
It would appear that chemical reaction continued even after
all the chloride was washed off. It could be more chloride
formation, but it could also be oxidation subsequent to chlo-
ride formation. After another acid probe treatment, one of’
the original small peaks had become a valley. However, the
large features of the profile remained.

To compare the TCP-treated surfaces with untreated sur-
faces. the series of profiles of Fig. 6 were obtained. Clearly.
the changes after acid treatment are very small and even
the acid of ten-times the original strength did not change
the profile very much. On careful examination of these
profiles, a certain long-range periodicity of asperities is no-
ticeable. The corresponding “wavelength™ could corre-
spond to an average grain size (Fig. 1). Interestingly enough,
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Fig. 4—M-50 piate profile after soaking for five minutes in tricresyl phos-
phate.

Fig. 5—M-50 piste profile after soaking for four days in tricresyl phos-
phate.

therefore. the TCP-treated steel surface was much more re-
active toward our probe (certainly for small asperities) than
the untreated steel surface.

Reactivity of M-50 Surfaces as a Function of Running
Time Toward Scutfing

The balVplate sliding contact described in one of our
carlier publications (5) was modified to accommodate a 20.6-
mm-diameter ball and a steel plate instead of a sapphire
window. Both ball and plate were of the same hardened M-
30 steel described earlier. The tubricant was fed into the
contact region (on top of che balt) by means of a peristaltic
pump. Traction, or at least a proportionate quantity, was
monitored with a strain gauge. Loading took place from
the top to an average Hertzian pressure of 20 kbar (Hertzian
radius ~ 75 pm).

Figure 7 shows plots of traction versus operating time
under these conditions. The top two curves correspond to
the base oil containing the TCP and the bottom curves to
the base oil alone. Both sets of plots also compare the ettect
of souking the M-30 surface tor three hours in the lubricant
at ambient temperature. In the case ot the base oil, prior
suiking merely extended the time o scuffing from 120
seconds 1o 400 seconds. it sculling is identified by the first
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Fig. 6—Series of reactivity-test profiles st 5145 A of the untreated M-50
piate.

Fig. 7=Traction versus time of ball/piste contact operation. These are
recorder traces of independent sxperiments. Traces 1 and 2 refer
10 base ol with tricresyiphosphats (TCP) additive, the former with
three hours of prior sosking at ambient temperature, the latter
without sosking. Traces 3 and 4 sre the corresponding traces
for the base oll without TCP. The inversion of the numbers of
the two pairs snd the upward step at 400 seconds of all traces
but 4 shouid be noted.

steep rise of traction (subsequent examination of the wear
track was consistent with this identification). The traction
was somewhat reduced by the prior soaking, but not very
much. In the case of the TCP-containing oil, prior soaking
brought the traction to about the maximum value of the
base oil; however, the traction was almost halved when soak-
ing was climinated. On the other hand, without soaking,
the traction was very erratic over the course of the exper-
iment, exhibiting steep rises as well as drops. It was difficult
to obtain reproducible running times toward scufting in that
case.

Comparison of the traction curves of Fig. 7 shows a sharp
increase near 400 seconds for all cases except the base oil
without soaking. As this increase apparently corresponds to
scuffing, it would seem that TCP, in general, does not delay
scufting.

Figure 8 shows a series of profiles within the wear track
of the plate contact betore and atter acid treatment for zero,
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Fig. 9—Eftect of acid probe on contact region roughness as scutfing
conditions were approsched. Roughness is defined as the ares
under the trace of the surface profile, which is bounded by the
horizontal line representing the “center line average.” Curves 1,
2, and 3 represent base oil without TCP or prior sosking, base
ol without TCP but with prior sosking, snd base oil with TCP
and prior sosking tor three hours at ambient tempersture.

20 seconds. 40 seconds. and 60 seconds of running time
(after scuffing in this particular experiment. The time to
scuffing did not always reproduce.) It is clear that the reac-
tivity of the plate contact changed continuously with run-
ning time and became particularly large alter scutting. For
example, the asperity of the next-to-the-lust profile (after
scutfing) became a valley on acid treaument.

‘The protiles of Fig. 8 were obtained with the base oil
lubricant without soaking prior to running. When the pro-
files before acid treament are examined as a function of
running time, a slight increase of roughness can be seen up
10 the sculting transition. which is accompanied by a large
increase of roughness. In general. the acid probe produced
a profile of changed roughness. the increase nearly corre-
sponding to the running time.

In order to evaluate the profile changes produced by the

acid probe reaction and thus get a measure of the surface
reactivity toward aicoholic hydrochloric acid, the standard
center line average method was used. That is, a center line
parallel to the horizontal axis was drawn in such a way that
areas bounded by the profile and the center line were equal
above and below that line and these areas were used as the
reactivity measure sought.

In other words, the change of roughness so defined is a
function of the action of the acid with respect to the surface.
Figure 9 shows plots of these roughness changes produced
by the acid probe as a function of operating time for three
of the conditions of Fig. 8. Without soaking and with only
the base oil used, the reactivity is seen to increase very rap-
idly corresponding to the early scuffing noted in Fig. 7.
With soaking, the reactivities prior to scuffing are greater
when TCP is present, but the sharp increase of surface
reactivity subsequent to scuffing occurs at nearly the same
time for both the TCP-containing oil and the base oil near
400 seconds of operating. 400 seconds was also the time at
which traction sharply increased in these cases (Fig. 7). As
a matter of fact, for the base lubricant, the profiles became
smoothed (or hardly changed) as a result of the acid probe
prior to scuffing.

Figure 9 also shows the very high reactivity toward the
acid probe of the TCP-soaked surface before any traction
at all. It is higher than any reactivity noted after running.

To confirm that the reaction within the scuff mark was
much greater than without, a profile was obtained at the
edge of the scar before and after acid treatment (Fig. 10).
The scar was “filled in” after acid treatment. There was very
lictle change outside the mark.

In order 10 investigate the nature of the material in the
scuff mark further, the plate was barely polished and etched
with nital. Figure 11 shows that material within the mark
did not etch. The half-circular appearance ot the mark would
seem to indicate that the normal to the plate made a slight
angle with the direction of the load. When the plate was
polished a little bit more, the unetched material disap-
peared, even though some of the grooves still remained.

CONCLUSIONS

It would seem that a metallurgical change is produced
on scuffing and even earliet—though to a much smaller
extent. This change is long-lasting and responsible for rapid
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Fig. 10—Profile near edge of scuff mark
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Fig. 11—Photomicrograph of scuft mark after nital etching

changes of profile on treatment with dilute alcoholic hy-
drochloric acid. It should be emphasized again that our
measurements are carried out on a microscopic scale. The
more macroscopic (microscopic in a plane, but not depth-
sensitive) metallurgical etching tests showed the presence
of a thin layer of a different, and apparently inactive, non-
etching phase. It would appear that the new phase of Fig. 11,
which is resistant to etching, is the same or similar to that
reported by Rogers (7) for diesel piston rings.

At this time, no positive identification of the reactive phase
has been made. Metallurgists identified some highly cor-
rosive material when tempered martensite was heated to
about 400°C and associated it with exceedingly small gran-
ular masses. Our calculations based on Archard’s procedure
show that we could certainly have exceeded this tempera-
ture in our ball/plate setup. These small grains set up elec-
trochemical cells and their conglomerates can produce rel-
atively high potentials. Perhaps these grains are so small
that etching at the grain boundaries is not noticeable. This
same high reactivity can then lead to scuffing with the ap-
propriate lubricants.

The behavior of the TCP-containing lubricants and pre-
sumably TCP-coated surfaces resulting from it is somewhat
different. Indeed, steel surfaces scuffed are also more re-
active than the steel surfaces just soaked. In fact, the original
M-50 surface is almost inert toward the probe but after
exposure to TCP it becomes exceedingly reactive. A possible
explanation is a surface layer of phosphide or phosphate
as shown by Shafrin (4), which changes rapidly during wear.
The work of Faut and Wheeler (8), showing that TCP-
coated surfaces of M-50 steel exhibit less friction when heated
beyond a characteristic transition temperature of 218°C, in
their case, is consistent with our observations, viz. downward
shifts in traction for the TCP-containing lubricants which

were never observed in the absence of TCP and a partic-
ularly large reactivity for the TCP-soaked but not rubbed
steel. Their results were also explained in terms of chemi-
cally different surface layers. Work now in progress in our
laboratory is aimed at the chemical analysis of these layers.

It would appear that steel surfaces approaching or afier
scuffing, having been exposed to high temperatures, are also
much more reactive at ambient temperature, at least toward
diluted hydrochloric acid. '

Conversely then, such a probe reaction can be very useful
10 determine scuffing tendencies for different solid mate-
rials and lubricants.
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An ester lubricant base oil containing one or more standard
additives to protect agamst wear, corvosion, and oxidation was used
man experimental balliplate elastohsdrodsnamic contact under
load and speed conditions such as to mduce scuffing fuilure in
short times. Both the ball and the plate weve of wentically treated
M50 steel. After various perunds of opevating time, the wear track
on the plate was examined (a) with an interference microscope of
+ 30 A depth resolution and (b) sometimes also with a scanning
ellipsometer, and (c) a scanning Auger spectrometer. The optically
deduced surface profiles varied with wavelength, indicating the
presence of surface coatings, which were confirmed by the other
instriumentations. As seuffing was approached, a thin (~100 4)
oxide layer and a carbide laxer formed in the wear track. in par-
ticular. when tricresyiphosphate antiwear additive was present in
the Iubricant. The rates of the formation of these lavers and ther
venctivity townrd dilute aleoholie HCL depended sivongls on the
tabnacant aned addinzes. Based on thew gesnlis, suggetions fo
improved formulations and a test method for beaving veliability
conld he propesed.

INTRODUCTION

In catlier work ) 2 wath an opucal probilometer, we
showed that preceding scuthog failure the wear track ol M-
30 allov steel bearings operated under elastohyvdrodvonamic
ot nuved Taboeation hecame more teacnnve toward hvdpo.
chione aad. Mroscopie changes of the opacal surface pro-
hle were used as measures of veawcniane The presence o
absence of ticressiphosphate addinn e m the Jubocating od
wonkl have consderable mttuence on the protiles of the
heanmyg surbices even betore exposure 1o the Indrochlon
aond prabe. Funthermone, our stiadies siiosed that 101
A labricant swould reduce bearing tracton sigruhicantdy attes
soaking. In a related study, Faut and Wheeler (3) showed
that the friction of ‘TCP-lubricated M-50 bearings would be

Presented as an American Society of Lubrication Engineers
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reduced by 30-30 percent when the contact temperature
exceeded a critical value in the neighborhaod of 218°C, the
exact temperature depending on environmental conditions,
notably the presence of oxvgen and maoisture. Such a de-
crease of friction by cliemically active additives which exhibit
poor lubricant action at low temperatures was explaned
much earlier by Bowden and Tabor (#) by a chemical re-
action leading to the formation of a protective film. How-
ever, neither they nor other workers conclusively identified
the nature of the film generated by TCP or other lubricants
and compared the surface with that outside of the wear
track. The changes in profile we found could be explained
only in terms of a difference of chemical composition on
the surface. Indeed, the appearance of the wear track after
short failure-free bearing operation is olten more likely a
manifestation of a chemical change on the surface than of
mechanical wear.

In the present study, we extended the previous mes-
surements o uddinves other than TP and w more opet-
ating conditions and developed more sophisticated 1ech-
niquies tor the chiemcl and phvsicalanabosis of the s taces
Aong the wear ok A e concdasice gdentidetion ol
the new mctallurgiead piece boand vchie vear iack o wioch
was tentun el consedered cabide, was anether obpecnae,
A hugh spaval vesolunon was required since the phase oc-
curred in snuall patches, In additon to animproved version
of the phiase-Tod Ked mterteren eomicroscope (PLIND of our
cather work an cloctiome ellipsoteerer and an Vager elece
o spectometet specall adapred for this work were tound

to be particulan v uselul

MATERIALS

Lubricants

Inorder 1o examine the eltect ot dilterent addinnes sep-
arately and wogether, the same base stock was used with
ditterent aitditives in the sune concentrations as in the tully
formulated lubricant package | he latter was designed o
represent the MIL-1-23699 standard. All lubuicants were
prepared for us by NASA.
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The base stock was the same pure syuthesized maerial,
trimethylol propane triheptanoate (I'MPTH), used in our
carlier study and described in its paper (2). The lubricants
were. in addition 10 the base stock, solutions in the hase
stk of

). 0.0209 percent by weight of beneotriazole (BTZ), a”

corrasion inhibitor

2. 1.086 percent by weight of dinctyldiphenylamine

(DODPA), an antioxidant

3. 1.036 percent by weight of phenvl-alpha-naphthyl-

amine {(PANA), also an antioxidam

4. 2.35 percem by weight of the antiwear additive i

cresvlphosphate (TCP)

. all the above additives in the sane concentrations to-

gether, forming the fully formulied od, generie MIL-

L-23649 (G-MIL-99

Je

Probe Solution
The probe solution was 0.04-M hydrochloric acid in

ethanol.

Bearing Metal

Both components of the experimental ballipline contict
were made of the sime allov steel (M-30) and heat-treated
the same way according to the manatacturer’s specifications
by a local heat-treaument company. The (martensitic) steel
had the following composition: 0.80 percent carbon. 4.10
percent chromium, 1.00 percent vanadium, and 4.25 per-
cent molybdenum. lts hardness after heat treatment was
62-63 (Rockwell C).

The samples were 20.6.-mm-diameter balls and 10 x 12
x 3 mm plates, the plate dimensions determined by the
inlet sysiem of the scanning Auger spectrometer.

APPARATUS AND EXPERIMENTAL CONDITIONS

Bai\/Plate Sliding Contact

[or this vi, e M-30 bearing ball of 200 i diamerer
could be rotared by o hovontal shiatt supponed Iy pwo
Flie bkl oo deneedeed

trom above by an M3 plate supported by e beanngs

Dearttes aned ddonven be s electow e

ot honzonel loadimg platorm s sach o wav thar the
triction lorce developed in the contact could be deternuned
trom the strain generated in 4 leal spring connecting the
plate with the Joading plattorme For this prrpeose. o s
wange was mounted on the fead spring and electeedb o
mvated i the standard wav, The load coutd be vaned s
hangng weights on the Joading plattorm. 1 he luboeanis
were mjected into the contact from g reservon at anbuend
temperature by o penistiltic pamp. No atiempt was made
o dearrare the lubncants o 1o canttod the atmosphere ol
the contact region.

T'he maximum Hertzian pressure was 0.1 GPa in all the
experiments reportied here. The hall speed was 220 vevo-
funons per minute, corresponding to 0.2 m/s linear speed.
The duration of everv run was 30 minutes a1 which time
the traction force had teached a near-sceachs value.

No attempt was made to control the contact temperature
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or 1o measure it. However, an estiniue of the maximum
surface temperature rise based on Winer's calculations (5)
indicated that the temperature could have exceeded 220°C,
the critical temperature for TCP/surface reaction according
to Faut and Wheeler (3).

AC Phase-Locked interference Microscope (PLIM)

The instrument used in this investigation was essentially
the same as the one used previously (1), (2). It was, however,
improved by a superior photodetector and miscellaneous
changes of circuitry. Thus, the quality of the reference mir-
ror and vibrational stability are now the major limications
10 higher accuracy. At this time, = 30 { in depth and 0.5
win along the surface plane are the limitations.

i1 was mentioned earlier that surface porfiles measured
by the PLIM (or any other optical prohile meter) are dif-
ferent from those measured with a stylus profile meter.
Since an understanding of this difference is important, a
careful analysis of the phenomenon was made. The follow-
ing brief description should convey the essentials.

Comparison of Optical and Physical Surface Profiles

It will be recalled that anv interferometer such as the
PLIM compares a reference pach length to an unkanown
length by means of a light beam (laser heam). In our case,
the distances from the beamsplitier to the vibrating refer-
ence mirror and to the surface to be profiled are compared.
If the distances are equal or differ by half a wavelength (i.e.
a full wavelength of optical path), a bright fringe will be
focussed on the detector; if the distances are not equal, a
servoloop of the PLIM will apply a voltage to a piezoelectric
crystal to move a mirror to make the distances equal and

this voltage will be plotted and read in terms of a profile-

change. However, phases are compared by the laser beam,
not real distances, for the position of the fringes depend
onlv on phases. Phases are changed on passage through a
medium as well as onrveflection, Figure 1 gives o schematic
drasing of the Liser imerferometer, showing the two beams
being compared. 16 a slab of a mansparent minerial, c.q.
wlass, s introduced into one ot the beinns, the instrument
witl vecord o change even though the sumrbace-to-beamspla-
tey chistance was not changed

Figme 2 <hows the actuad sitianon near the suctace to be
profded. The lens udblls several functions: it tocases the
fuser beam on a small area. thus giving us spatial resolution
and reater brightness, it lins the vinge of the angle ot
mcndence and it limis the range of the angle of cetlecnon
thut can retuen vadiation oo the PLIN and e detected.
Lhuo angles of madence and velection are limued o =
B0 fagrre 2adsa shows g thim sanbace Liver assumed ta be
untlenm here tor spnplicin

A e vealistie s face Livey s shown e Fg Van the
tonm ot avedee he substrate icassumed o be o, haveng
A complex mdes ol vetvacnon = L5=160 The wedge s
asstined to be aniron oxide tor which the ditterent indices
ol reféaction shown in the hgure have bheen wsed in the
computation and of 1 g anximum thickness. These val-
ues are reidistic tor bearving surtaces. L he top drawing in
this figure represents the physical profile o the wedge. The

next plot is the optical path ditterence without taking the
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phase change on retlection o account. §hie following plots
are those that would be actually recorded: they itichude both
the opucal path diffevence and the phase change on re-
llection. Clearly, the recorded profiles were quite ditferemt
trom the actual physical profle. Different savelengths will
atlect the phase profiles because the connplex index ol e.
fraction (optical constants) changes with wavelength. The
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state of polarization of the Luser light Gy also atfect the
profile.

Our analvsis has shown that the thickness of the n\ule
Liver aned its optical constants are imporian factors te-
spousible for the difference between physical and optical
profiles. Oxide layers as thin as 0.03 um or 300 A can have
drastic effects.

Is it possible 10 deduce the true physical profile from
optical profiles? The unswer is a qualified “yes,” if optical
profiles have been obtained for different angles of incidence
at different wavelengths and perhaps also for different po-
larizations. In other words, the optical constants (complex
indices of refraction) of both film and substrite must be
determined from the prafile differences. If thev are known
otherwise, sav from ellipsometer data. then the calculations
become much simpler. In anv case. ditferences between
optical profiles at ditferent wavelengths or between optical
and physical profiles are proot of the presence of surface
hims,

Faraday-Modulated Electronic Recording Scanning
Ellipsometer (ESE)

A techmgue appropuiate tor the measnrement ol the thin
surface Gils we tound genevated i weir tricks of elasto-
hyvdrodamanne contacts s elhpsotmeny T was necessay
utake the ellispomerey spanathy scannmg and tomipoove s
sensitivity sul hiciends o allow wdennboanon ol the sutace
materials, Auger electton spectroscopy (AES)  which we abso
usedd, canabvoidentibsy s bice matenats The posuficaons
tor having ancelhipsometer ave nor dithondt to state: ao ESE
is Lastet and caster o ase than AES since i does norequite
avacuum; lor the same reasonat mas o hie more realisoc,
(h) ESE can supplement AES since it depends on molecular
compositions, while AES hasically will detect only atomic
species. and (¢) ESE can be used divectly to measure filin
thickness, while film thickness measurements by AES re.
quive ion milling, i.e. sputtering with argon was. On the
aother hand, ellipsomertry is an indirect and less sensitive
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method of analvsis than AES. Clearlv, ivis advantageous o
commbine ESE wirh AES and this was done in this invesa-
gation.

since ellipsometty for the sitdy of hearing surtace texiure
was very well described by Vorburges and Luadema (9 and
ance an estensne artide o ong ESE wall e pubhished else
where, onlv g briet descripion ob ous appaius will be
winen here. A schematic diagram ot the Faradas-modualated
ellipsometer is shown in Fig. 4. This is the ellipsometer
originagliv designed by Monin and Bounry (7)., which was
miodthied hse s Sudlo and Moore a the Universits of Rodh
ester 18 andd now by us Radinon from the Liser somee S
w polinzed by the polaizer I, whose azimuds of vibrason
with respect 1o the plane of madence is 8. On relfecion
from the sample sonface Mo the plhine-polanzed vadanon
haas become ethipnoalis polavized. The angle of the semi-
o anis of the ellipse and the plioe ol inddence sy 0 F
v a Faradas modalator consisting ot a solenordal corl with
a Faraday glass ovlinder atits axis. he magnetie tield gen-
erated by the cotl causes the azimuth of polurvzed tadiion
of the light traveling along the axis of the cvlinder 10 be
changed proportionally to the maguitide of the magnetic
field and 1o the length of the cylinder, the proportionalin
constant being called the Verdet constant. This phenome-

non is known as the Fariday eflect. The cond is driven by a
S00.Hz osdilkitor, Grasmy the magnetic tield to vary with
that frequency. By the Faradav effect, the inddination angle
of the polatizanion ellipse with respect o the plane of in-
cdence wsoafso caned with the same frogueney Monm and
Bontry ased transtssaon thironeh v ovhinnder ob soater 10
modilate the cthpncally polanzed vadanon mstead ot Fae-
ackay glass viterbiimi-doped ghass The Favaday gliss, has-
ing a much buger Verdet coeflidient. produces an order ot
magninide gremer oscillation amplitades and. thevelore.
stronges sizoals dlowmg the ellipsotteone gy ses of e
pleareas as sl as Ton o duometer on less The vadianion
tron the Faraday modalator s passed through the pola -
ieanon anabvzer Vol azamuth Boand s fially detected by
the phiotecd b a plictcannduplier 13V

Fataday ghass o tsed by Sollo (80 Oan msinument vses
nea sepande Faraday modolaors i senes anstead ol the
ane shown o Figo E Lhe fost modubator contams a 10-cm-
long, O.6-cm-diameter Faraday glass cvlinder (three times
as long as Sullo’s) and the second a Faradav glass evlinder
ol 3.0m Jength. The carrent in the first conl i< modulated
with 4 500-H7 frequency, but the anrent in the second coil
is direct current. I the analvzer angle 8 is equal to the true
azimuth v, the radiation detected at the 500-Hz frequency
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by phase-sensitive electronic detection is zero and the elec-
tronic svstem is “locked.” At the same time, the amplitude
of the first harmonic (1000 Hz) is monitored to make sure
it is nonzero. If. however, the amplitude detected at 500
Hz is nonzero, an ervor signal is ased to ackd 1o the DC bias
ot the second Farachiv coil. This adds a DC rotation to the
polatization azindath emerging from the Faraday cells and
is equivalent to rotating the anahveer. The direction of the
bising depends on which side of the nadl the analvzer s
a1 Winde the DC buas contld he applicd 1o the samie ol s
the VO s swoas dape g the Sullo sersponn, hasving twoon.
dependent AC ol DO cotls prosades tor mieh greaes
experinental Hexinlinn and thereby extends the vange o
the instrument.

Scanmng o a sample surtace s done iy moving the sam.
ple W pandlebioons pline whiderecordimg the cotresproding
clanige e DO s Fhus, onds the dhange woazmmathy o dyy
i plotted cthe greater pornon soset Inthe anabvzer angle
Brand the mstrmment s sensitive teestremels simaltchanges
Fhis, o comse s the mun vadue of doctrane detecnmg
and scanming

b, the method of measinement consases essentath of
disecting o beam of Imeathy polanized high e obligue e
tlence onto the tilm-covered surtace. the thidkness and
retractive index ol the il bewng determined by analvas of
the reflected ellipticallv polarized beam. he analvsis of 1his
ellipucal sibration can be carried out in a number ot wavs,
the most commonly adopted one mohing the mewsue.
memnt of the parameters 3 and b: A represents the phase

ditlerence between the rellecied poand « components vi-
brating parallel and perpendicular to the plane of incidence,
respectivefy, while tan ¥ is the ratio of the reflected ampli-
tudes r/r. The calculition of & and b can be done numer-
wally or graphically as shown in Fig. 5. Sets of 8 and y are
determined For locations on the sample surface by a number
of scans at different angles of polarization and plots such
as the one of Fig. 5 are drawn for every location. The slopes
of the v vs 8 curve at y = 0, 45, and 90° then provide the
values of & and b. Once A and ¢ are known, the index of
refraction » and the film thickness f can be calculaed, but
since nis complex, consisting of two variables, more than
two ncasuiements iare needed, g at more angles of in-
cidence. (not just ar 15%) different wavelengths, ete. The
computations can beeome quite extensive, hut are eisily
performed on a small labovatory computer.

RESULTS

Tractions and Surface Roughness. Effect of the Acid
Probe

Figure 6 shows traction curves for the dif tevent lubricams
alter the bulland pliates were soaked in them for three hours
at ambient wmperature, These curves are afl compaable
except for the two antoxidams DODPA and PANA (low
final traction) and for the fully formulated ol (high final
traction). However, without prior soaking, the traction with
TCP was much lower. The operating conditions were such
chat scoring or scufling would occur very soon tor the fully
formuated ail, thereby allowing us to maximize the differ-
ences with respect to scaring or scuffing for the additives.
From these results, differences between the bearing sur-
taces for the antioxidants and the TCP without soaking and
the other additives could be inferred. To check this idea,
the surbace ronghnesses of Table 1 were determined (vom
the optical pratiles. Fhe same dats were plotted in Fie, 7.
hese toughimesses were obtarmed o follows: N center line
was posinoned through the oprical profile over a distance
Lo such aowan that the sum ot the areas under the protie
carve ahove owas cquad to the sun of the aeas befow f
Phen tanehiiness svas the o o the e s bonande d oy
andd the piotde divided by 2 nmes the vertcal magniboanon
Fhe antwoadants DODEA aGad PAN N show the least dhange
over the measured time period within the evror kaits. DODPA
and PANA are also the onlv fubncants giving a stenificant
teducnon of vanghness i the il phose ot opevanon
when the acied probe was applicd dhig S Sice these mea-
sEemnents wee "l.l"(' 1 \l'['~!l.l|(' ('\l‘(‘llllll'lll\. the con.
sistenn v ot the tracion vonghness and acd probe data mues
be sttt Another imeresting observation o the sharp
morease o celative toughness change aber aced teament
torboth BTZ and TCP kg S the tinal stage o thie hadl
plate v, whike the toughness dumge temaimed about con-
stant duing most of the run.

A dover exanmmation of Fig. 7 vevedds some nneresung
correlations. Since the vertical scale i« arhiiary and the
cmves were displaced by arbatrany amounts o avoid con-
fusion. only 1rends are significant. The tally tormulated ol
(G-MIL-99) and the two amine additives PAN A and DODPA

s
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g e ose togonghness peaks at abwag 20 secnnds Fhe tulh
tormulated ol the hase ot and B 17, the antcoriosion ad
duive, had roughness peaks atabou St seconds Only 10
shows w descending slope bevond 100 seconds. hese dit-
levences might be related to the formation ol dif lerent sur-
face oxides,

IT the additive acted by producing a suriace il alreads
on saaking, then one might as well just use the base ol
without the additve during hearing operanon. This pro-

AN Ay Tt g MR I f MU AR - A A ol g ekl & e

cedure was followed in the expetiments thit prodiced the
curves of Fig. 9. Here all the surfaces were soaked for three
hours in the respective lubricants, cleaned and dried, and
then immediately used in the traction test with clean base
atl. The resnbes arve sery similar tor sl lubricants with the
notable exception of TCP, which had a very much lower
traction. BTZ was the next lowest, but the significance of
its shift wiih respect to the others could be questioned. How-
ever, BTZ and TCP showed similarity before as was pointed
ou previously (duta of Fig. 8). The antioxidams DODPA
and PANA and the fully compounded oil had the highest
traction force i the end of the experiment.

tewill be noted that the curves of Fig. 9 all slope up while
those of Fig. 8 are mostly flat. The slope is especially high
ton TCE Ehis bhehavion coulil be ascribed 1o the removal
ot change of a surlace G or 1o o chiange in the surface
merallurgy, Just soaking in the additive is practically inad-
equate.

Ellipsometry of Wear Tracks

In Fig. 10, the changes of avtmuth with distance across
the wear track were plonted. The sample (ball/plate) was
sotked i the TP lubricant for three hours and then ran
in the badl plne experiment. Clearly. the nature of the sur-
tace i dhitferent inside the wear rack. The change is not
caused by o change ol reflecting angle tor the vellected laser
beam is very restricted by apertures. When the angles and
corresponding azimuths were changed in order to compute
the film thickness and the optical constants, the former came
out 1o be about 60 A at the maximum and the latter cor-
responded roughly to Fes0y by comparison with the data
of Leberknight and Lustman (9). The identification is ten-
tative and not unique for lack of reference data, which will
be obtained later.

Similir but much weaker changes were found over the
wear tracks of the other tubricants containing different ad-
ditivess. he prelerential proshoaction of o thin oxide Laver

o wen tracks would seem to be general, but is strongest

‘or those produced i the presence of TCP,

teshiondd be pointed out that the collection of data such
ax those of Fug 10 presents problems ditferent from those
oottt e wilien -'!hlmv'lu'n\ v s weth dhielertrw e
steates 1 Mot elhpsometie work today teters 1o dielece
s and senmconduaciors Lhe most nmnportane ditterence
s retlectuvitn —high tor metals and low tor dielectrics and
semiconductors Fusthermore, metals have a complex index
ot reliacton wo aptal constantss diclecrties ondy aoreal

mdes of tefracnon

Auger Electron Spectrograms

Smce Buckley Ty presented an excellent veview of the
tedhimgue et apphies to mnhology, ondy the tesabis wall be
given here

Lhe plaes were analszed atier the hatl expenmenis with
cvery Jubricant. Three areas were selected, tvo withun the
wear track and one outside of it for 1eference. After the
balt experiment. the specitmens were washed with fots of
alcohol and allowed to dey and nothandled or weated prior

to thewr inttoducton mto the Auger spedtramcter s a
control, a polished M-30 plate not used n a baltplate ex-

,
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Os (1KY 9«
Base il 245 =42 R K- 120- ~
Tee =72 246 = 4% 9] = N
DODPA 360+ 80 306 = 66 122352 7
PANA 443274 32286 439 = 129
BTZ 406 = 150 341255 271297
G-MIL-99 436+ 35 419296 598 =130

404 | min 2 min Ih
fiv=hd GST = IS I8N0 =40 = 1to
INd= 42 Hiv = 83 132 =56 401 = 130
4=35 R =49 283 =26 42776
34245 2RMi=495 349=49 403267
135262 5132105 318=40 519%126
335 =152 3512125 206 = [RH 661 =227

*The average roughness was measured by the centerline avetage method and the profiles were obtained 4t 1880 4 wavelengrh. These data have been
plotted n Fye. 7

b
e er.
TS

1isear flog————a

DOLPA

0 2 10

100 1000 time (sec)
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d as the area on the optical profile plot, which (s

for the ditferent lubricants are displaced vertically to

. is defi

bounded by the center line and the curves above and below for an lftmury distance.

periment was included in the set of Auger analvses,

Figure T shows an Auger spectram tor o FCP run within
the wear scar prior to anv wweatment within the spectrom-
cter. he principad peaks have heerissigned ta the elements
o0 CL Cr,and Feo Sinee G, O, and obien CLare kel
onter surface containations, o rottine ol ron llll”ill'_' AR
adopredt Spuiienng was pettonned with argonwons m s b
awan that abour 109 A were vemoved per mimuate,

Alter six minutes ol on bohardment. the spectrum of
Fig. 12 was obtuned Now most of the C and O, but net
Al were removesband the sron peaks were relativels stronyge
Phe CLesulewnh armpins . disappeared A the ottescn
posinon and with the saane amount of jon bombardment.
the strenerths of the Cand O peaks were weaker relnive 1o
thene ab the non peaks The Mo aad Cr peaks were about
of the same strength otfacar and oreese

AMEthe onhier lubtwants ol the reterence gave ahout the
sarne spectrd 1 the asctecened condiion However, alier
sixominutes of ion bombardment, all the spectra from out-
side the wear saar as well as [rom the reference plive were
essentially free ol O and C whide those trom inside the wear
scar, notably those trom 1 CPand perthaps also from 817,

had a higher O and C content.
In order 10 show the effect of ion bombardment on el-

emental composition, the plots of Fig. 13 were drawn for a
position within the wear scar. They present the ratios of the
O and C peaks to one of the Fe peaks as a function of tme.
\ slarp change of slape alter two-to-fowa minutes probabh
sigtnbies the removal ol asurtace Liver. The tollowing ob-

servatiots can be mide:

1. Al the
nunutes of jon bommthardient o dessy. Fhe highest

Caatios teached o low plateau value alter two

platean values corresponded o PP nest was B17.

2 Al the Coratios showed only one change of slope with
tisie ob won hombardimen

&0 Al the O-ratios except that of the reference. showed
two changes of slope, at two and at four minutes. After
six minutes o ion bombardment TCP, the tully for-
mtlued Tabrieant «GNMIEL) and BTZ had the highest
O-ratio. the reterence vers difinitels the lowese Thus
there are two O-contaming hilms.

1. The shapes ot the Oqranio plots for TCE and GMILL
were similar.

From these observations the following deductions would

see (0 he teasonable:

1. Uhe high C-ratios and O-ratios in the outermost sur-
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Fig. 9— Traction curves for the base oil after surfaces had been soaked in different additives
Lue faner are probably atmosphetic contamnination onnde faver
Lhes are present even in the reterence. 3N darbide Liver amghe alse underly the ammospheric
20 TCP and GMIL (adso containing FCPY have an oxide contamination ver.

laver under the atmospheric contamination iver. 317,
is likely 10 have one as well. The reference, however, Caretul studs ot the ongina spectri did notshow a highey
does not have such a laver within our error of mea- Cr-comeentration an the wear tack than without Buckley
surement, but the nther matervials might have a weak (12) noticed such an increase tor 302 stainless steel.
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DISCUSSION AND CONCLUSIONS

I o previous publications (1), (2) thie ditference e
eltear of dilute Indrochloric acicd tonr aod probes on cans-
g comtoner changes within and outside o wear ik was

described, this dit terence being espeaiatly grean when scufi-
ing conditions were approached. Tt was also founed that the
presence of the antiwear additve TP i the Tubricant woukd
etthance this ditference. Then the question was vaised why
scutting could occur so suddenh, appatends without warn-
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ing, even though operating conditions could have beew tar
from those postulated by the Blok iemperature critevion.
A principal objective of this study was 1o try o explain the
behavior of the acid probe in the hope thatan answer there
would abo help oward arriving acan answer to the Liter

question.

Ditterences in the optical profile at dil fevent wavelengths,

ellipsometry, and Auger clectron specirascopy have now
been shown to discriminate between the surface within the
wear track on M-30 steel and outside ol it The evidence
points toa higher concentration of an oxide, most tikelh
iron oxide, within the wear tack than outside. Tnterestingly
enaugh, it would seem that TGP promotes the lorniion
of such an oxide. Our Auger spectra neser showed plios-
phorus peaks as others had veporied (70, bue then this
study used only dilute solitions of TCP while Shatvin (/1)
used the pure material. Such an oxide would react much
fasier chemicallv with acid then the alloy sweel isell. ‘1 hus,
the oxide would explain the behavior of the hvdrochiloric
acid probe. The oxide is more likely 1o be Tormed in the
wear tack than outside of it because of the higher surface
remperature in the wear track. It would also reduce friction

at higher temperatures, though notat low onesand explain
Both our data of Fig. 9 and the results of Faut and Wheeles
(31 Mthough such an iron oxide Eaver on the surface could
conceivably promote the formation of fricion polviner—
whase fornution was reported 1o be enhanced by TCP alvo—
it is more likelv that the same oxidizing conditions that lead
1o the formation ol the oxide also lead 10 the formation of
friction polvmer. Since friction polvmer is. in wrn, relared
o acid shudge and the acid is likely to react quickly with the
hasic iron oxide, provided the temperature is high enough,
a case could be made for a mechanism of scufling. vi7 ve-
moval of the oxide laver by reaction with acids in the lu-
bricant exposing the nascent metal and allowing metal-o-
metal welds, Work now in progress in o Libovators wall
test this iden.

A new metallurgical plise tor M-530 weel was also tound
and repotted i our earlier publication ). Tis etching chae -
acteristies seetmed 1o dennby it as a o carbade The highes
carhot contents tound i the wear tnack below the surbace.
especntliy tor TP e consistent with tus wlentibicanon.

e shanpoamtel deceease i the ball expeniment ot acel
probe teacvins ol the two e antnadants (b S
he explamed by the minal formation of an amme satace
Bh and sabsequent esposare ol the onganal alloy el
suttace. te the lck o asm tace oxide Stce the metd reaos
more slowly than the oxide—whie e was preveed oo
tormmg—the probe reacton slows dowa Once the aniae
annenachinos exhansted, the yeaction specds apagam, lune
ever, thus explaming the maorcased acovin rer Pheanine
st bace Db could also he anstromentadb moredicmg nn non

1 he bebavion ol B EZ ahe anticortostonaddig e o been
tound o be stnbar to LCR oesome wass. Bis doseod soludnhiey
requires its small concentration. By the same token. s
more likels 1o come out of solutton and coar the bearing
surtaces with an anodic (7D Laver. Howeveroas Parkins of $
adhmits, the behavtor of these muternls is stll not well oneder
stond, even by electrochemists, though they e been ased
ton ot long time.

1 would appear thar the behavior of TCE with vespect
1 ondde tormation in the tully toymubated oil is not altered
by the ather tuel additives as the fully formulated il be-
haved simiba . However, there are muatual influences on
teacnon, They should be e sadject of Tuether sty

U has, it woukd seem that leads have been generated o
help in the design of tubricating materials to seduce traction
aned scufling failuve, Their chemical interaction with the
hearing surfaces, i.e. the lormation of oxide and perhaps
aother ivers is animportant key.,
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APPENDIX VI

Analysis of Patchy Micrdscopic Depositions from Jet Fuels
on Stainless Steel or Aluminum by Infrared Emission
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James L. Lauer and Peter Vogel

Analysis of patchy microscopic depositions from
jet fuels on stainless steei or aluminum by infrared
emission

Rensselaer Polytechnic Institute
Troy, New York 12181

.l Fuels used in aircraft jet engines also serve as coolants in
~ heat exchangers. As they circulate past hot aluminum or stainless O
steel surfaces, they deposit decomposition products which, if allowed L
to accumulate, seriously reduce both heat transfer and flow rate at

. a given pressure drop. The deposit problem is aggravated by the
presence of dissolved oxygen, a high aromatic content and the small SR
amounts of nitrogen and sulfur compounds which are most prominent A
in fuels derived from shale oil. An accepted procedure for the test- -0

ing of fuel stability makes use of a rig (jet fuel oxidation tester,
JFTOT) in which air-containing fuel is pumped through the jacket

of a "condenser" whose inner tube {s made of 6 cm long aluminum or
stainless steel tubing of 3 mm outside diameter, terminated at both
ends by 4.5 cm long, 5 mm diameter, brass or ‘steel cylinders to
which electrical connections are made. The outer wall of the jacket
is a glass tube.which fits snugly around these cylinders, thus
providing an annular space, 1 mm wide, for the flow of the fuel
which enters and leaves by connecting tubes located at the ends of
the test section and directed at right angles to the condenser axis.
The inner tube is heated by electric current to a temperature moni-
tored at the center of the test section by a thermocouple with leads
along the tube axis. Typical temperatures range between 200 and
300°C. The standard flow rate is 3 ml per minute. The flow of cool
liquid fuel over the tube surface causes the surface temperature

to vary with distance from the inlet and the displacement of the
position of maximum temperature from the tube center to the outlet
side.

After several hours of operation deposits will have formed on
the outside wall of the inner (JFTOT) tube of the "condenser,"”
predominantly on the outlet side. In the standard test the deposit
density and color is rated against empirical standards. In our
study JFTOT tubes were located in a horizontal plane above an all-
reflecting microscope objective lens, whose optical axis was in a
vertical direction, in such a way that the deposits were in the
focal plane of the objective. The enlarged image of the deposit
was aligned at the focal position of the collimator mirror of an
infrared Fourier spectrophotometer. This instrument, of our own
design and construction, was described earlier [1]. Translation
of the JFTOT tubes in an axial direction could be done precisely
and accurately so that different deposit portions could be brought
into the field of view and their infrared emission spectra analyzed.
For this purpose JFTOT tubes were heated to 70°C by thermostatted
water. A room temperature Golay detector was used in the spectro-
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.photometer. The spatial resolution was better than 0.5 mm. The

deposit thickness ranged between 100 and 1000 A, as estimated by SEM.
With many fuels the JFTOT deposits formed in a series of brightly
colored rings, shown schematically in Fig. 1 (bottom). These rings
are not interference colors for they generally correspond to emission
intensity maxima (Fig. 1, top). Most likely they were produced by
instabilities of flow velocity similar to those observed by Knapp
et al. [2] in their investigation of the flow pattern about the
walls of a cylinder whose axis is located in the flow direction.
At positions of low flow velocity in the boundary layer overheating
is likely to occur, giving rise to fuel decomposition. The color
of the rings is probably caused by 1ight scattering.
Figure 2 shows emission spectra obtained at three positions
indicated in Fig. 1. The deposits come from JP-4 fuel containing
10% of aromatics and were formed at a 285°C JFTOT temperature. The
top spectrum corresponds to a peak of overall infrared emission--
and a yellow ring--while the other spectra correspond to between-rings
positions. Characteristically, the top spectrum shows apparently
inverted emission and absorption peaks at the intersections with
the broken lines because deposit thickness, substrate reflectivity .
and wavelengths resulted in the distortions described by Hvistendahl
et al [3]. The middle spectrum is also partly distorted while the
bottom spectrum is essentially undistorted. The distortions can
be removed by computations, showing that all three spectra are very
similar and permitting estimation of deposit thickness. Chemically
the bands at the broken lines refer to aromatic rings, but the
last one (1740 cm-1) to carbonyl groups. :

" Figure 3 shows emission spectra from deposits of a jet fuel
derived from shale oil, which were collected on aluminum and stainless
steel JFTOT tubes. The upper spectrum is distorted, but both spectra
can be shown to be essentially identical (by computer). The main
carbony! band is now at 1700 cm-! (carboxyl). This band and others
indicate the presence of metal carboxylates. A particularly outstand-
ing difference between these spectra and_those of Fig. 2 is the
presence of strong bands around 1100 cm=! (OH and unsaturation)
and at 730 cm~! (CHp rock).

It §s clear that such analyses are difficult, but can yield
a wealth of information. The JFTOT tubes containing the deposits
were supplied by Mr. Robert Morris of Wright-Patterson AFB. His
cooperation and the funding of the project by AFOSR Grant No. AFOSR-81-
0005 are gratefully acknowledged.
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Chavscterization of Lubricated Bearing Surfacas
Operated Under High Loads

James L. Lauer®, Norbert Marxer* and William R. Jones, Jr.w*

The composition and surface profile of different bearing surfaces vas
determined after different periods of operstion under various operating
parameters. A variety of lubricating oils end additives such as tricresyl-
phosphate antivear agent, amine anticorrosive agents and antioxidants, vater
and oxidized oils (contsining acidic components) vers used, Optical surface
profiles could be obtained to £ 30 R depth resolution of 10 um dismster areas
within and outside the vear track and the optical constants and surface film
thickness of the same aress could be found by & specilally designed magnetic-

v,

.
. LN

ally modulated scsaning ellipsometer.
vithin wesr tracks.

1. INTRODUCTION

Although lubrication has beea recognized
as a surface phenomenon for a very loag time
and is of enormous importance in modern civil-
tan and msilizary techaology, the changes
sccurring on & microscale vhich must precede
mscroscopic changes, such as failure dy
scuffing, are atill mostly unknown. Yet the
{dentification aand understanding of these
changes offer much promise toward the solution
or at lesst mitigation of bearing probdlems.

While many nev sethods of surface anal-
ysis have been developed in receat years,
their requirements of ultrahigh vacuum and of
electron bombardment make these methods destruc-
tive. TFurthermore they mostly furaish only
elemsntal snslysis end then their spatial
resolution is not high. Yor some of our work
ve have been fortunate in having sccess to &
scanning Auger slectrom spectrophotometer
(AZS); fcts best spstial resolution of sdout
50 um is rather high. Howvever, most of our
analyses vere carried out vith spatial resol-
utions better chas 20 um and they aade use of
(i) a phase-locked interference microscope
(PLIM), (1i1) an electromic Paraday-modulated
ellipsomacer (EFME), (11i1) speckle-contrast
(SC), and (iv) friction and lubrisant thicke
ness messureseants vith s dall-on-plate slid-
ing contact. This apparstus vas sseembled and
brought to bear in the search for eignificant

*Rensselaer Polytechnic Institute
**NASA-Levis Research Center

Metal oxide formation was sccelersted

surface changes of & losded ball-plate slid-
ing contact operated on its vay to failurs.

A realistic system vas selected for these
laboratory studies; an operating contact con-
sisting of a loaded M-50 bearing stael bsll-on-
plats of the ssme material mock-bearing and
lubricants efmulating MIL 23699 and its addi-
tives, {i.s. a wost common heavily loaded bear-
ing syatem. The wock-bearing had dimensiouns
such that the vidth of the vear track vas smen-
able to our surface analyses.

Significent changes verse found (1) in the
changes of the surface profile vwithin the wear
track over the course of dearing operation fou
diffevent lubricaats, (ii) in the rate of oxi-
dation of the stesl bearing surface vithin
and vithout the vear track, (iii) in the rate
of change of optical profile vithin and vithout
the vear track sfter a driaf exposurs to di-
lute hydrochloric acid, and (iv) in the fric-
tion for different lubricancs. Common surfacs
sdditives in lubricants, such &s cricresyl-
phosphate (ancivear) and benzotriasole (anti-
corrosion), produced larger profile changes
than other common lube ddditives. Invariably
these changes could be sesociated vith the
sors rapid formation of surfsce oxides within
than without the vear track.

The hydrochloric acid probe reaction
changing the surface profile could become
convenient and useful test for bearing sur-
face veliability,

The PLIM and EFME instruments developed
for this vork will prove to be useful in many
different applicazions, not only in the asnal-
ysis of msetal and metal oxide surfaces. -The
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applicadility of $C will, hovever, remain
very limited.
2. MATERIALS
The lubricants vere trimechylol propane
triheptancate base stock either alone or vith
one or all of the following ({) bdenzotriazols
(0.0203% corrosion inhibitor, 3TZ), (ii) dio-
ctyldiphenylemine aud (i11) phenyl-alpha-
naphthylamine (both 1.0362 and antioxidants,
DODPA and PANA), and (iv) tricresylphosphate
(2.55% ICP sntivear additive). The fully
formulated oil is equivalent to NIL-L-23699
(G-MIL-99).

The prabe solution was 0.04 M hydro-
chloric acid {a ethenol.

The bdell and the plate vere hardenmed
(62-63RC) martensitic N-350 stesl (0.8% C,
4.1%2 Cr, 1.0% Vv, 4.25% Mo).

3.  APPARATUS AND EXPERIMENTAL CONDITIONS

Ball/Plate Sliding Coutact

In this rig an M-50 bearing ball of 20.6
=m diameter could be rocated by a horizoatal
shaft supported by tvo bearings and driven dy
an electric motor. The ball vas loaded from
the top by an M-50 plate supported by linear
bearings on & horizontal loading placfora {(n
such & vay that the friction force developed
in the coatact could be determined from the
strain generated in & leaf spring connecting
the plate with the loading placform. The
load could be varied by hanging veights on
the loading platform. The lubricants werc
injected into the contact from a reservoir
at smbient temperature by & peristaltic pump.

The saxisum Hertzian pressure vas 0.1 GPa
ia all the experiments reported hers. The
ball speed vas 220 revolutions per miaute,
corresponding to 0.2 m/s linear speed. The
durstion of every run vas 30 minutes at vhich
tise the trsction force had resched & neasr-
steady value.

No attempt vas made to control the con-
tact temperaturs or to messure it. However,
an estimate of the maximum surfsce Cempers-
ture rise based on Winer's calculacions (1]
indicated that the Cemperaturs could have
exceeded 2209C, the critical temperature for

TCP/surface reaction according to Fsut and
Wheeler (2].

AC Phase-Lockad laterfersuce Microscope (PLIN)

This instrument, schesatically showa {n
Fig. 1, 1is basically s Michelson interfero-
meter vith & laser source and smicroscope
objectives faciag tvo airrors at slmoet equal
distances from the desmsplitter. One of thase
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airrors is the reference mirror which i{s vi-
brated piesoslectrically at 20 Kis. The other
“mirror” 1s the sample surface, vhich can be
translated horiszoantally to bring surface
features of different heights into the field
of viev. Reflected radistions from these
nirrors are recombined at the beamsplitter aand
passed through snother microscope objective
to bring enlarged interfarence fringes omto

& photodetector, 1If the tvo beamsplitter-to-
airror distsnces are aqual the photodetector
1s "locked” into the pesk of s fringe and the
20 ks smplitude venishes. 1f they are not
equsl, an error signal {s generated, result-
iag in & d.c. potential on the piezcelectric
crystal to shift its plane in such a vay as
to make the distances esqual. A plot of d.c.
potential sgainst the horizoatsl sample posti-
tion results {n the "optical” profile of a
surface. It is the optical profile rather
than the true physical profile because {n
veality phases and not distances are compared
and phages depend on the optical constancs of
the surface layer and its thickness as well
49 on the optical properties of the substrate.
Tor this reason the profiles obtained vwith
different laser vavelengths are diffsrest
wvhen different surface layers, e.g. oxides on
steel, are present. From these differencies
the nature and thickness of the oxides can be
deduced provided some of the optical constants
sre independently knowm, e.g. ellipscmecrically.

Paraday-Nodulated Rlectroanic Recording
Scanuing Kllipsometer (ESE)

A schematic disgram of the Faraday-modulated
sllipsomater i{s shown ia Pig. 2. This is che
ellipsometer originally designed by Monin and
Boutry (3], vhich vas sodified firsc by Sullo
and Moore at the University of Rochestar [é]
and nov by us. Radiation from the laser source
3 is polarized by the polarizer P, vhose asi-
muth of vibration with respect to the plane of
incidence is 8. On reflection from the sampls
surface M the plane-polarized radistion has
become elliptically polarized. The angle of
the semi-major axis of the ellipse end the
plane of incidence {s vy. CF {s a Faraday
modulator consisting of & solenoidal coil with
a Taraday glass cylinder at its axis. The
sagnetic field generated by the coil causes
the asimuth of polarized radistion of the
}Lght traveling along the axis of the cylinder
to be changed proportionally to the smagnitude
of the magnetic field and to the length of the
eylinder, the proportionslity constant being
called the Verdet constant. This phenomenon
is known as the Faraday effect. The coil s
driven by a 500 Hs cecillator, causing the
sagnetic field to vary vith that frequency.

By the Faraday effect the inclination angle
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of the polarization allipse vith respect to
the plane of incidence is also varied with

the same frequency. The radiation from the
FYaraday modulator i{s passed through the polar-
tzation analyzer A of azimuth 8 and is finally
detected by the photocell or photomultiplier
.

Our instrument uses s 10 cm long, 0.6 c»
diameter Faraday glass cylinder (three times
as long as Sullo's) in order to obtain a large
amplitude of modulation. The current {n the
coil i{s wmodulated with s 500 Hx frequency. I¢
the snalyzer angle 8 1is equal to the true
azimuth v, the radiation detected at.the 500
Hz frequency by phase-sensitive electronic
detector is zero and the electronic system
is "locked"”. At the same time, the amplitude
of the first harmonic (1000 Hz) is monitored
to make sure it is noa-zero. If, hovever, the
amplitude detected st 500 Hz {s nonzers, sn
error signal is used to turn the analyzer by
an angle appropriate to make it zero. This is
done by an electro-optic transducer and con-
trol ecircuiting capsble of resolving 0.01
degrees of arec.

Scaanning of a sample surface is done by
moving the sample M parallel to its plane
while the polarizer is rotated at sn essen-
tially constant speed vith a DC motor and the
analyzer is being continuously reset at corres-
ponding szimuths. Plots of polarizer versus
analyzer angle look like the curve of Pig. 3.
One method of obtaining the ellipsometric
parameters v and A from this curve is graphi--
cally as showm in the figure. However, our
computerized curve fitting prograa {s much
more sccurate, becguse all the data points on
the curve are used, not just & fev selected
ones. Furthermore, many such curves can be
traced and averaged in a short time. Once
4 and ¢ ave known, the index of refraction
n and the fils thickness can be calculated,
but since 8 is complex, consisting of two
variables, more than tvo messurements are
needed, ¢.g. 8t mors sngles of incidence (not
jusc ac 459), different vavelengths, ete.

The computations can become quite extensive,
but are essily performed on s small laboratory
computer.

By placing & aicroscope objective forming
8 real image of the ssmple surface shesd of
the detector, sample areas &s suall as 20 um
in digmeter can be resolved ellipsometrically,
Most of the energy reflected of the surface
is lost, dut sufficient ensrgy remsins to
make the measureuments.

4. RESULTS

Tractions and Surface Roughuess.
the Acid Probde

Rffact of

Figure & showvs traction curves for the

:

different lubricants after the ball sund plates
vere sosked {n them for three hours at ambient
tempersture. The operating conditions were
such that scoring or scuffing would occur very
soon for the fully formulsted oil, thereby
alloving us to maximize the differences vith
respect to scoring or scuffing for the addi-
tives. Differences between the bearing sur-
faces for the sntioxidants and TCP with and
wvithout soaking were found. The surface rough-
nesses (standard CLA roughness) vere determined

- from the opticsl profiles and plotted in Yig.

S. The antioxidants DODPA and PANA ghow the
least change over the messured time period
vithin the error limits. DODPA and PANA gre
also the only lubricants giving a significant
reduction of roughness in the initial phass
of operation vhen the acid probe was applied
Since these messurements” vere made in sep-
arate experiments, the consistency of the
traction, roughness, and scid probe data must
be significant. Aanother interesting observa-
tion is the sharp {ncrease in relative rough-
ness change sfter acid treatment for both BLZ
snd TCPin the final stage of the ball plate
run, vhile the roughness changs remained absut
constant during most of the fun,

A closer examination of Fig. S5 reveals
some interesting correlacions. Since the
vertical scale is arbitrary and the curves
were displaced by arbitrary asounts to avoid
confusion, only trends are significant. The
fully formylated oil (G-¥IL-99) end the two
smine additives PANA and MDPA gave rise to
roughness pesks st about 20 aeconds. The
fully formulated oil, the base oil and B3T2,
the anticorrosion addicive, had roughness
peaks at asbout 80 seconds. Only TCP shovs
a descending slope beyond 100 seconds. Thess
differences might be related to the formation
of different surface oxides. .

The tvo surface additives TCP and BTZ
had the highest traction vhile the antioxi-
dants had the lowvest. All the surfaces vere
sosked for three hours {n the respective lubri-
cants, cleaned and dried, sud then immediately
used in the traction test wvith clean base oil
(rig. 4).

Ellipsometry of Wear Tracks

In Fi{g. 6, the changes of slope, cos &/
tan ¥, vere plotted across the vear track for
the sauples of PFig. 4. It will de noted that
TCP, which had the highest traction in Pig. 4,
also shows the greatest variacion over the
traverse. The sharp positive and negative
peaks correspond to & spot oo the wear track
(between 100 snd 500 um on the sbscises), vhich
is clearly visible under the aicroscope., The
half-widthe of these peaks {s about 20 um.

The slope changes for the other macerials
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inside the vear track vere much smaller.
side the wear track the slops variations were

Oue-

asinimal; the bottom curve for DODPA shows the
chsracteristic behavior thers. Clesrly, the
nature of the surface {s different instide the
vesr track. The change is not caused by a
change of reflecting angle for the reflected
laser beam is very restricted by apertures.
When the angles and corresponding azimuths
were changed in order to compute the film
thickness and the optical constants, the former
came out to be sbout 60 X at the maximum and
the latter corrsspond roughly to Fe203 by
comparison with the data of Leberknight and
Lusctman {S]. The identification is tentative
and not unique for lack of reference data,
vhich vill be obtained later.

The preferencial production of a thin
oxide layer on wear tracks would seem to be
general, but is strongest for those produced
in the presence of ICP.

It should be poinced out that the collec~-
tion of dats such as those of Fig. 6 persents
problems different from those encountered vhen
ellipsometry is used with dielectric substrates
{6]. Most ellipsometric vork today refers to
dislectrics and semiconductors. The most
important difference is reflectivity - high fpr
aetals snd lov for dielsctrics and semicon-
ductors. TFurthermore, metals have a complex
index of refraction (two optical constants),
dielectrics only a real index of refraction.

Auger Electron Spectrograns

The plates vere analyzed after the ball
sxperiments with every lubricaant. Three asreas
vere saleacted, tvo vithin the wear track and
ona outside of {t for reference. After the
ball experiment, the specimens vere vashed
with lots of alcohol and slloved to dry and
not handled or treated prior to their intro-
duction into the Auger spectromecear. As &
control, & polished M-50 plate not used in
a ball/plate experiment vas i{ncluded in the
set of Auger sralyses.

All the lubricants and the reference
gave about the same spectra in the asreceived
condicion. However, after six minutes of
ion bombardment, all the spectra from out-
side the vear scar as vell as from the refer-
ence plate vers essentially free of O and C
vhile those from inside the vear scar, notably
chose from TCP gnd perhapes also fros BTZ had
a higher O and C content.

In order to shov the effect of {on dom-
bacdment oan elemental composition, the plots
of Fig. 7 vere drawn for tvo position vithin
the vesr scar. They present the rstios of
the O and C peaks to one of the Fe peaks as
a function of time. A sharp change of slope

after tvo-to-four minutes prodbably eignifies
tha removal of & surface-layer.

From these observations, the following
deductions would seem to be reasonable:
1. The high C-ratios and O-ratios in Che
outermost surface layer are probsbly
atmospheric contsmination. They are
present sven in the reference.
TCP and GMIL (also contsining TCP) have
an oxide layer under the stmospheric con-
tamination layer. BTZ is likely to have
one as vell. The reference, howvever,
does not have -such a layer within our
error Of measurement, but the other mate-
risls might have s weak oxide layer.
A carbide layer might also underly the
atmospheric contamination layer.

2.

3.

5. DISCUSSION AND CONCLUSIONS

In our previous pudlications [7],[8] the
difference in the effect of dilute hydrochloric
acid (our acid probe) on csusing contour changes
within and outside a wear track vas descrided,
this difference being especislly great vhen
scuffing conditions were approached. It vas
also found that the presence of the antivesr
additive TCP (in the lubricant would enhaunce
this difference. Then the question was raised
vhy scuffing could occur so suddenly, apparenaly
without warning, even though operating con-
dicions could have been far from those postu-
lated by the Blok temperature criterion. A
principal objective of this sctudy was to try
to explain’che dehavior of the acid probe in
the hope that an snsver there would also help
tovard arriving at an ansver to the latter
question.

Differences in the optical profile at
different vavelengthe, ellipsometry, snd Auger
electron spectroscopy have nov been shown to
discriminate between the surface within the
wear track on M-50 steel and outside of {:.
The evidence points to a higher concentration
of an oxide, most likely ironm oxide, within
the vear track than outside. Interestingly
enough, it would sees that TCP promotes the
formacion of such an oxide. Such an oxide
would react much fascer chemically with acid
than the alloy steel ttaelf. Thus, the oxide
would explain the behavior of the hydrochloriq
acid prode. The oxide is more likely to be
formed in the vear track than ocutside of it
because of the higher surface tempersturs in
the vear track. It would also reduce f{riction
st higher teamperatures, though not at low ones
and explain both our data of Fig. & and the
results of Faut and Wheeler {2]. Although
such an {ron oxide layer on the surface could
conceivably promote the formation of friction
polymer--vhose formation vas reported o de
enhanced by TCP slso~-~it is more likely that
the same oxidizing conditions that lead to
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the formation of the oxide also lead to the ture Mapping in Elastohydrodynsmic Lubrica-
. formation of friction polymer. Since friction tion," Iranssctions ASME, T, 98, 236 (1976).
polymer is, in turm, related to acid sludge
and the acid is likely to react quickly with 2. TFaut, 0.D., and Wheeler, D.R., "On the
the basic {ron oxide, provided the temperature Mechanisa of Lubrication by Tricresyl-
, is high enough, & case could be made for a phosphate (TCP) - The Coefficient of
: sechanism of scuffing, viz. removal of the Triction as a Function of Temperacture
oxide layer by reaction with acids in the for TCP on M-S0 Steel,” ASLE Traussctions,
lubricsnt exposing the nascent metal and 26, 3, 344-350 (1983).

alloving metal-co-metal welds. Work aov in
progress in our laborstory will test this ides. 3. Moain, J., snd Boutry, G.-A, “Comcept,

A nev mectallurgical phase for M~50 steel Reglization and Performance of a Nav
vas also found and reported in ocur earlier EZllipsometer,” Nouv. Rev. Optidue, &,
publicacion [8]. 1Ics etching characteristics 159-169 (1973).

seesed to identify it as a carbide. The higher

carbon contents found in the vear track below 4. Sullo, Mancy J., "Measurement of Absolutus
the surface, expecially for TCP, are consistent Refractive Index Profiles in Gradient
with this ideancification. Iodex Materials Using Modulation Ellfs-

The sharp initial decrease in the ball sometry.” M.S. Thesis, lastitute of Optigs,
experiment of scid probe resctivity of the two University of Rochester, supervised by
amine sntioxidants (Fig.7 ) can be explained Professor Duncan T. Moors.
by the infitial formation of an amine surface
€11z and subsequent exposure of the original S. Laberkaight, C.E., sad Lustman, 3., "An
alloy steel surface, i.s., the lack of s sur- Opticsl lanvestigation of Oxide Films on
face oxide. Since the matal rescts more slowly Metals," J. Opt. Soc. Am., 29, 39-66, (1939).
than the oxide--vhich vas prevented from fora-
t{ng-~-the probe reaction slovs down. Once the 6. Vedam, K., The Cliaracterizacion of Materidls
amine antioxidant is exhausted, the reaction in Research: Ceramics and Polymers. J.J.
speeds up again, hovever, thus explaining the Burke and V. Weiss, Eds. Syracuse University
{ncreased activity later. The amine surface Press, 1975, pp. 503-537.
fils could also be instrumental i{n reducing
traction. 7.

Lauer, J .L., and Pung, $.S., "Microscopig
Concour Changes of Tribological Surfaces
by Chemical and Mechanical Action," ASLE

The behavior of BTZ, the anticorrosion
additive, has been found to be similar to TCP

in some ways. 1lts low oil solubility requires Transactions, 26, 430-436 (1983).
its ssall concentration. By the same token,
it is more likely to come out of solution and 8. Lasuer, J.L., Fung, S.S., and Joues, W.R.

coat the bearing surfsces vith an snodic (9] Jr., "Topological Reaction Rate Messure-
layer. However, as Parkins (9] adaits, the ments Relacad to Scuffing,” ASLE Preprint
behsvior of these macerials is still not well No. 83-LC-2B-1. Presented st the ASME/
understood, even by electrochemists, though ASLE lubrication Conference in Hartford,
they have been used for a long time. CT, October 18-20, 1983.

Thus, it wvould seem that leads have been
generscted to help in the design of lubricating 9, Parkins, R.N.: Corrosion Imhibition, in
Bat@T4ale to reduce traction and scuffing Comprehensive Treatise of Electrocheaistry,
failure. Their chemical intersction with the Vol. &4, Electrochemical Materials Sciencs,
bearing surfaces, i.e., the formation of J. O'M Bockris, 3.E. Convay, E. Yasger,
oxide and perhaps other laysrs {s sn important sud R.E. White, eds., Plenum Press, Nev
key. York, 1981, pp. 313-31S.
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Fig. 1 - Schematic drawing of laser interfer-
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Fig.7 = Ratio of & carbon to an iron Auger pesk
(left) and of an oxygen to the same ircn
peak (right) for ion bembardment times
of zero to six minutes (10 & are removed
per minute). The solid and broken lines
refer to two different spots within the
wvear track.

Fig. & - Tractions for different lubricants.
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